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xAbstract:
The generation of polarity and patterning during both vertebrate and invertebrate
embryogenesis depends in part on the asymmetric localization of molecules. In the
zebrafish, Danio rerio maternally deposited molecules of Wnt and TGF-b signaling
pathways contribute to DV axis formation. Specifically, the Nodal related molecules
Cyclops, Squint and Southpaw (which belong to TGF-b super family) are essential for
dorsal and mesendoderm specification as well as specification of left-right asymmetry.
In this study, I have found that transcripts of the nodal related gene squint are expressed
maternally and distributed uniformly through all stages of oocytes. Upon fertilization,
squint transcripts are initially localized to the blastoderm and subsequently to two
blastomeres at the 4-cell stage, which depends on its 3’ untranslated region. Disruption of
the microtubule cytoskeleton by nocodazole treatment affects squint RNA transport to the
blastoderm. Removal of cells containing squint transcripts from 4-8 cell embryos or
injection into oocytes of antisense morpholino oligonucleotides targeting squint can cause
loss of dorsal structures. Thus, the DV axis is apparent by the 4-8 cell stage during




The generation of polarity and patterning during both vertebrate and invertebrate
embryogenesis depends in part on the asymmetric localization of molecules. The growing
oocytes achieve polarity by localizing different cell fate determinants in the form of
mRNA or protein to separate parts of the oocytes and influence axis specification. In
vertebrates, the mechanism of DV axis specification is well studied in the model system
Xenopus. In Xenopus, after fertilization, vegetally, localized dorsal determinants
translocate to the side opposite to the sperm entry. The process, is called cortical rotation
and involves microtubule cytoskeleton. The cortical rotation translocates transcripts of
wnt11 and proteins like dishivelled and kinesins to the future dorsal side. During blastula
stages, the b–catenin is stabilized and localized to the nucleus marks and specify dorsal
axis. In zebrafish, Danio rerio early embryonic development and DV axis specification is
controlled by maternally and zygotically expressed Wnt and TGF-b signaling pathways.
Specifically the Nodal related molecules Cyclops, Squint and Southpaw (which belong to
TGF-b super family) are essential for dorsal and mesendoderm specification as well as
specification of left-right asymmetry.
This study investigates the mechanism of mRNA localization during zebrafish early
embryogenesis and its role in specifying DV axis. I have found that transcripts of the
Nodal related gene squint are expressed maternally and are localized during
embryogenesis. Squint transcripts are distributed uniformly in oocytes through all stages
of oogenesis and upon egg activation, are initially localized to the blastoderm. The early
translocation of sqt transcripts to the blastoderm is very rapid and is dependent upon
xii
microtubule cytoskeleton. Depolymerization of microtubule cytoskeleton by drug
treatment inhibits sqt RNA transport. Subsequently, during early cleavage stages sqt
RNA is localized to two blastomeres at 4-cell stage. Real-time video microscopy analysis
show role of sqt 3’UTR in its localization. Exogenously injected fluorescent sqt RNA
behaves similar to the endogenous RNA and co-localizes with endogenous sqt RNA at
early cleavage stages. The sqt 3’UTR is sufficient to drive reporter gene to the dorsal side
of the embryo. To investigate whether localized sqt marks future dorsal side by 4 cell
stage, blastomeres were marked with localized sqt RNA and subsrquently removed
surgically. Removal of cells containing squint transcripts from 4-8 cell embryos can
cause loss of dorsal structures, indicating localized sqt marks dorsal axis by 4, 8 cell
stage. To address the role of maternal Sqt in specifying dorsal axis. Antisense morpholino
oligonucleotides targeting squint into oocytes were injected and embryonic phenotypes
were determined by morphological criteria and marker gene expression. Depletion of
maternal Sqt can cause loss of dorsal axis in varying degrees in the injected embryos,
making Sqt as a one of the maternal dorsal determinant. Thus, the DV axis formation in
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11 Chapter I: Introduction
1.1 History of localized determinants and axis specification:
A major challenge in developmental biology is to understand how polarity is achieved in
a developing embryo. Different factors influence early axis formation and polarization of
an embryo. Amongst these, maternally localized mRNAs and proteins play important
roles in specification of different axes, which include animal-vegetal (AV), dorso-ventral
(DV), anterior-posterior (AP) and left-right (LR). In many insect oocytes and early
embryos, these localized molecules directly specify different axes, from their site of
localization. Whereas in the oocytes and early embryos of higher vertebrates, localized
molecules from their site of localization indirectly influence axes specification.
The idea of localized determinants originated in early 1900, when Wilson (Wilson, 1904)
and Conklin (Conklin, 1905) proposed that eggs from a number of organisms contain
specialized regions of the cytoplasm that direct cells to adopt a particular fate when
inherited. Conklin noticed that Ascidian eggs contain a yellow and a grey crescent which
when inherited specify muscle and notochord fates respectively (Conklin, 1905). These
two factors of the cytoplasm have different properties and are capable of specifying
different cell fates. Wilson also noticed that in the molluscan eggs, asymmetric
inheritance of the polar lobes specify cells which give rise to mesoderm (Wilson, 1904).
The French biologist Laurent Charby first tried to identify the function of these localized
determinants during early embryonic development of ascidian embryos. He dissociated
the early embryos of Ascidia aspersa and allowed the blastomeres to develop
individually. He showed that individual blastomeres after dissociation invariably develop
2into partial larvae (Charby, 1887; Sardet et al., 2005). These observations clearly showed
that localized determinants deposited during oogenesis influence early embryonic
development. Studies in the last few decades have identified that such determinants are
either in the form of mRNA or as protein and influence early axis specification
(Minakhina and Steward, 2005).
1.1.1 Polarity in S. cervisiae (Budding Yeast)
In budding yeast, S. cerevisiae the mother cell expresses a set of proteins different from
the daughter cell. Mother cell expresses HO protein asymmetrically, while daughter cell
accumulates ash1 RNA asymmetrically (Herkowitz, 1985; Nasmyth, 1983). Asymmetric
expression of HO is regulated by the Ash1, a DNA binding protein, which is specifically
sorted into the daughter cell where it represses transcription of HO. The only way these
cells can have Ash1 protein segregated in daughter cells is by localizing ash1 RNA in
daughter cells. Localization of ash1 RNA to the bud tip of daughter cell polarizes the
daughter cell during cell division (Chartrand et al., 2002; Long et al., 1997; Takizawa et
al., 1997).
1.1.2 Polarity in C.elegans embryos
In C. elegans, PAR proteins (partitioning defective) localize asymmetrically in the one
cell embryo to give rise to anterior and posterior cell lineages (Tabuse et al., 1998).
Amongst different PAR proteins, mutation in the par2 was first isolated as a defect in
asymmetric cell division and defects in the position of the first cleavage furrow (Levitan
3et al., 1994). PAR2 has subsequently shown to be required for the positioning of the P
granule in C. elegans embryos (Boyd et al., 1996). Different cellular processes participate
in this complex phenomenon, which are timed and are controlled precisely by the cell.
Different steps of RNA and protein localization are also timed parallel to the cell cycle
phase of the fertilized embryo. Asymmetric localization of PAR proteins to the AP poles
of the fertilized embryo followed by an asymmetric cell division give rise to AP axis
(Nance, 2005).
1.1.3 Polarity in Drosophila oocytes and embryos
In invertebrates, much of the studies on mRNA localization during oogenesis are from
model organism Drosophila melanogaster (fruitfly). In Drosophila and related insect
species mRNA localization is very common. More than a dozen maternally localized
mRNAs have been identified and studied in great detail (Tekotte and Davis, 2002).
During Drosophila oogenesis, mRNA determinants are present in the cytoplasm at each
pole of the developing oocyte. These determinants later during development pattern AP
and DV axes of the embryo. The early evidence of localized cell fate determinants in
Drosophila comes from the transplantation experiments performed by Illmensee and
Mahowald. The posterior cytoplasm of the Drosophila egg when transplanted to an
ectopic position was capable of inducing germ cells (Ephrussi and St Johnston, 2004;
Illmensee and Mahowald, 1974). The anterior axis determinant bicoid is deposited into
the growing oocyte from the surrounding nurse cells. The localization of bicoid mRNA is
dependent on the 3’ untranslated region (3’ UTR) within its transcript.  Translation and
diffusion of Bicoid protein generates a gradient and activates anterior zygotic gene
4expression.  Posterior localization of oskar is an important determinant of posterior
structures and germplasm formation. Mislocalization of oskar at the anterior is sufficient
to activate posterior specifying zygotic genes and formation of posterior structures.
Apart from the UTR regions within the transcripts, RNA binding proteins, actin and
microtubule cytoskeleton also play important role in RNA localization during oogenesis
and early embryogenesis. Classical molecules like bicoid and oskar are still being
characterized for their mechanisms of localization, while the functional studies of these
molecules have resolved important aspects of early embryonic development (van Eeden
and St Johnston, 1999).
1.1.4 Polarity in cultured fibroblast cells
mRNA localization has been observed in cultured chicken fibroblast cells and in several
other cell types, which show localization of a actin mRNA to the leading edge of the cell
(Sundell and Singer, 1991). The leading edge of a cell is the one which shows maximum
lamellopodia or filopodia. It was thought that the transcripts of a actin gene is utilized
after localization for the maintenance and extension of cellular filopodia. Presumably the
crawling cells acquire polarity by localizing actin mRNA to the leading edge and
delocalization of actin transcripts could result in loss of polarity in these cells (Condeelis
and Singer, 2005).
1.1.5 Polarity in Xenopus oocytes
In vertebrates, the mechanism of mRNA localization is well studied in Xenopus oocytes.
In Xenopus embryos, Grant and Wacaster first observed the maternal control over DV
5axis specification in 1972 (Grant and Wacaster, 1972). They noticed that UV irradiation
of mature Xenopus oocytes or irradiation of the eggs immediately after fertilization
prevents dorsal axis formation. Embryos developed upon such treatments lacked
notochord, anterior neuroectoderm and developed as an all belly piece. From the
experiments performed by Gerhart et al, it was evident that UV targets the cytoskeleton
and UV disrupts cortical cytoplasmic movements by disorganizing microtubules and
prevents displacement of dorsal determinants (Gerhart et al., 1989). To identify
molecules required for dorsal formation, one approach that was undertaken was to
identify factors that are expressed in oocytes and early embryos and are able to rescue the
UV ventralised phenotype. A large number of molecules were identified using this
method of which several were present in the form of mRNAs in trace amounts.
Vg1 was originally isolated as an mRNA localized to the vegetal hemisphere of Xenopus
oocytes (Weeks and Melton, 1987). Vg1 belongs to the Transforming Growth Factor b
(TGFb) related family of proteins. Another localized transcript, wnt11, is also localized
maternally to the vegetal cortex of the oocyte. Both these transcripts encode secreted
proteins and their transcripts are maternally localized to the vegetal hemisphere of the
oocytes. Chimeric Vg1 and Wnt11 could rescue UV ventralized embryos either
completely or partially, which makes strong case for maternally deposited mRNAs being
involved in early dorso-ventral axis specification (Ku and Melton, 1993; Thomsen and
Melton, 1993). The mechanism of RNA localization is well studied in frog oocytes and
different pathways have been identified for localization of different mRNAs during
oogenesis.
Study from different model systems showed that mRNA/protein localization to achieve
6cell polarity is a common strategy used by different model systems (Micklem, 1995).
Various localized RNAs are crucial players involved in generation of cell/oocyte polarity
and patterning of early embryos. The molecules involved in this process change
according to the requirement and have been studied since early 1900. However, major
questions such as identity of the molecules and their specific functions in cell/oocyte
polarity as well as in axis specification are still unclear.
1.2 Mechanisms of axes specification in different model
systems:
1.2.1 Mechanism of axes specification in Drosophila melanogaster
Fruitfly Drosophila melanogaster has always been a favorite model for studying axes
specification during oogenesis and early embryogenesis. The great model system for
genetics identified important molecules responsible for axis specification. Anteriorly
localizing bicoid and posteriorly localizing oskar and nanos mRNA specify anterior and
posterior axis respectively (Riechmann and Ephrussi, 2001). Mutations or mislocalization
of these RNAs during oogenesis affect AP axis specification and subsequent
development. Majority of localized RNAs in Drosophila oocytes are translationally
suppressed. They are actively translated only when properly localized and upon
perception of the correct signals. Some of these RNAs are not actively synthesized in the
developing oocyte but rather pumped into by surrounding nurse cells. Bicoid transcripts
are an example of such RNAs. Localization of bicoid transcripts is dependent on its
3’UTR and RNA binding proteins. One of such RNA binding protein, Staufen forms
particles with bicoid RNA. These particles are transported to the anterior side on
7microtubule cytoskeleton (Ferrandon et al., 1994). Disruption of microtubules by drug
treatment blocks these particles. Once localized, bicoid RNA is translated during early
embryogenesis and leads to formation of a gradient of Bicoid protein (Fig 1.1). The
gradient maintains high concentrations on the anterior side and low towards the posterior
side. This protein gradient turns on different downstream target genes in a concentration
dependent fashion (Driever and Nusslein-Volhard, 1988a; Driever and Nusslein-Volhard,
1988b).
Localization of oskar RNA is also dependent on its 3’ UTR. During early oogenesis,
oskar RNA is deposited in the oocyte and is present uniformly throughout the oocyte.
Only during late oogenesis, oskar transcripts start to accumulate at the posterior side of
the growing oocyte (Ephrussi et al., 1991). This posterior accumulation of oskar mRNA
is microtubule dependent. During its localization, oskar RNA travels to the plus end of
the microtubules along with the kinesin heavy chain at the posterior pole (Palacios and St
Johnston, 2002). The splicing of oskar transcript is essential for oskar localization
(Hachet and Ephrussi, 2004). Binding of BRUNO, an RNA binding protein, inhibits
translation of the oskar RNA. The 3’UTR of oskar transcript contains cis regulatory
elements known as BRE (Bruno Response Elements). Bruno protein binds these BRE and
inhibits oskar translation. Translation of oskar is suppressed by BRUNO until it is
localized to the posterior side of the oocyte (Braat et al., 2004; Kim-Ha et al., 1995).
Another posteriorly localizing RNA is nanos. During oogenesis nanos transcripts are not
detectable in early oocytes but are actively transcribed in nurse cells. Nurse cells deposit
nanos transcripts along with other cytoplasmic components to the growing oocyte. Once
deposited nanos transcripts are localized to the posterior side of the oocyte and play a
8role in germ cell formation (Gavis et al., 1996). Nanos protein is highly conserved
amongst different organisms and is known to play a role in germ cell formation
(Koprunner et al., 2001; Raz, 2003). The AP axis of Drosophila oocyte is patterned by
localization of bicoid, oskar and nanos RNAs.
In the Drosophila oocytes and embryos, the DV axis is patterned by another localized
RNA called gurken. Gurken belongs to TGFa (Transforming Growth Factor a) related
proteins. When the oocyte nucleus starts to migrate towards anterodorsal, gurken RNA
gets localized to the anterodorsal side of the oocyte (Neuman-Silberberg and Schupbach,
1993). Like many other localized RNA, gurken RNA remains translationally suppressed.
Localization of gurken is coupled with oocyte nucleus migration. gurken transcripts are
known to form functional ribonucleoprotein (RNP) complex, which recruits accessory
proteins to the nucleus and then to the cytoplasm. This complex formation plays a central
role in the gurken RNA localization (Goodrich et al., 2004).
1.2.2 Mechanism of axis specification in insect species
The mechanism of axes specification during oogenesis by localization of RNA or protein
determinants is not conserved amongst the class Insecta. In grasshopper oocytes it
appears that a posterior gradient system establishes axis similar to Drosophila but there is
no evidence for an anterior gradient forming system. The molecules involved in this
process are also different as compared to Drosophila, suggesting that bicoid is an anterior
specifying molecule in fruitfly and other higher insects. In grasshopper oocytes, oocyte
nucleus migrates to the posterior and signaling through the nucleus is thought to
influence axis specification, similar to gurken localization in Drosophila oocytes. Thus in
9drosophila and many other insect species oocytes are polarized cells, that influence early
axes specification (Patel, 2000).
10
Figure 1. 1 Schematic showing A-P axis specification in Drosophila
11
1.2.3 RNA localization and cell fate determination in ascidian eggs
In the ascidian oocytes and embryos, peripheral regions of the eggs contain determinants
for morphogenesis and differentiation of cell types. Amongst these, several RNAs
localize in a gradient along the vegetal to animal axis of an oocyte. After fertilization
these RNAs, along with cortical endoplasmic reticulum (cER) and subcortical
mitochondria, relocate themselves to polarize the zygote. In the zygote, these RNAs
along with the cER translocate to the posterior end of the embryo. For this movement
they utilize the actin and microtubule cytoskeleton. At the first cell division, cER along
with localized RNAs are distributed equally to two blastomeres. One of the well-
characterized maternal mRNA in these embryos is macho1, which is required for
specification of muscle cells. The ascidian macho1 transcripts are localized to the vegetal
hemisphere of the oocyte and after relocalisation they are inherited by muscle pioneers
(Sardet et al., 2003). Macho1 codes for a zinc finger protein and depletion of macho1
using morpholino antisense oligonucleotides results in loss of muscle cells. When
injected, macho1 mRNA is also able to induce ectopic muscles cells in non-muscle
lineage cells. These results indicate that Macho1 is an essential localized muscle
determinant during early embryogenesis.  Apart from macho1, several other RNAs have
been found to localize to the vegetal pole of the ascidian eggs. They are classified into
one group as posterior end mark (PEM). The majority of these PEM RNAs also co-
localize with cER at the vegetal cortex. More than 20 such PEM RNAs have been now
identified, some of them which are common amongst other species (Prodon et al., 2005;
Sardet et al., 2005). Transcripts of wnt5 are localized to vegetal pole and are inherited by
12
the blastomeres which eventually give rise to endodermal cells in the larval tail
(Davidson and Levine, 2003). In C. intestinalis, vasa like RNA is present uniformly in
unfertilized oocytes. After fertilization these RNAs start to aggregate first at vegetal pole
and subsequently to the posterior side. By the 16-64 cell stage, these transcripts are
segregated into endodermal cells. Based on their segregation these cells are identified as
precursors for germ cells (Fujimura and Takamura, 2000).
13
 Figure 1. 2 Schematic showing RNA localization pathways during Xenopus
oogenesis
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1.2.4 Mechanisms of axes specification in Xenopus
The frog oocyte is a useful cell system to study the RNA localization, as these large cells
are easy to manipulate and characterize biochemically. The Xenopus oocytes, which are
bigger than somatic cells are good to study the consequences of RNA mislocalization and
depletion of these transcripts to study the role of maternally localized molecules in early
embryonic development. RNA localization is well studied in Xenopus oocytes and so far
two pathways have been identified for the localization of different mRNAs.
In general, RNAs such as Xcat2 and Xdazl, which are components of the germplasm,
localize during the early pathway and associae with the mitochondrial cloud (Kloc and
Etkin, 1995; Kloc and Etkin, 1998). The transcripts of Vg1 and VegT involved in somatic
cell fate specification localize to the vegetal cortex of an oocyte, and utilize the late
localization pathway. Several other proteins required for dorsal specification are also
localized to the vegetal pole of an oocyte. These proteins along with the microtubule
cytoskeleton are responsible for establishing the DV axis immediately after fertilization
in frog embryos (Heasman, 1997).
Xenopus oocytes are radially symmetrical. At stage I, oocyte contains several aggregates
of mitochondria surrounding the nucleus along with Xcat2 transcripts (Heasman et al.,
1984; Kloc and Etkin, 1998). These aggregates grow over time and concentrate to one
side of the oocyte. This structure is known as mitochondrial cloud and it remains
perinuclear in position. The site where mitochondrial cloud is formed is the future vegetal
pole of an oocyte. The Xcat2 and Xdazl transcripts start to accumulate to the
mitochondrial cloud, a process independent of microtubules (Kloc et al., 1996). The
15
pathway is also known as METRO (Message Transport Organizing Region) (Fig 1.2).
Real time video microscopy of mRNA movement in the stage I oocyte has revealed,
these immobilized RNAs showed co-ordinated movement with ER in the mitochondrial
cloud (Chang et al., 2004). Thus RNAs which utilize early/METRO pathway finish their
localization to the vegetal cortex by late stage I or early stage II.
RNAs localized by the late pathway are uniformly distributed in the cytoplasm of stage I
oocytes, and are excluded from the mitochondrial cloud (Kloc and Etkin, 1995). By late
stage II, these transcripts start accumulating towards the vegetal cortex of the oocyte in a
wedge shape structure (Betley et al., 2004). By mid oogenesis (stg III and IV), the late
pathway RNAs are transported where they remain tightly anchored to the vegetal cortex
(Fig 1.2). In contrast to early pathway, late localization pathway requires intact
microtubule cytoskeleton. Vg1 RNA utilizes late localization pathway, which requires
microtubule plus end directed motor protein Kinesin for its localization (Betley et al.,
2004). The Xwnt11 is another RNA, which is localized in Xenopus oocytes. Vg1 and
Wnt11 both are secreted molecules and they are known to be required for mesendoderm
formation.
Apart from these localized RNAs, several other proteins are present at the vegetal cortex
of an oocyte in the form of protein. In Xenopus embryos, fertilization leads to movement
of these proteins from the vegetal cortex to a new equatorial position, on the side opposite
to the sperm entry. The cortex of the fertilized embryo starts rotating in the direction
opposite to the sperm entry, the event known as “cortical rotation”. The molecules are
transported to the equatorial region using the physical process cortical rotation and
microtubules (Vincent and Gerhart, 1987). These proteins are mainly the signaling
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molecules of the classical Wnt signaling pathway. They include b-catenin, glycogen
synthase kinase 3 (GSK 3), GSK 3 binding protein (GBP) and dishivelled (Dsh) (Weaver
and Kimelman, 2004).  Stabilization of b-catenin to future dorsal side is essential in frog
eggs for the formation of the dorsal organizer. GSK3 binding protein GBP is required on
the dorsal side to inhibit the activity of the GSK3 and thus stabilizing b-catenin. GBP
binds directly to Dsh, a GSK3 inhibitor. Binding of GBP to Dsh activates GSK3 and
leads to degradation of b-catenin. These molecules are transported from the vegetal
cortex to the future dorsal side immediately after fertilization. Several studies have shown
that the transport of these molecules required intact microtubule network at the vegetal
cortex of the oocyte (Larabell et al., 1997; Weaver and Kimelman, 2004). In Xenopus,
microtubules start forming parallel arrays to the vegetal cortex after fertilization. GBP
apart from Dsh, also binds to kinesin light chain (Klc), which binds to Kinesin heavy
chain (Khc). This cargo is transported on the microtubule arrays using kinesin as a motor
protein. Once transported to the future dorsal side, GBP binds GSK3 and inhibits its
activity. Real time video microscopy of Klc-GFP particles showed movement of these
particles in the direction of the future dorsal side (Weaver et al., 2003). This particle
movement was in the same direction as that of cortical rotation. Thus the canonical Wnt
signaling pathway molecules along with Vg1 and VegT polarize the Xenopus oocyte and
specify dorsal axis and localization of these molecules in an oocyte is achieved using
different pathways.
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1.2.5 RNA localization and oocyte/embryo polarity in zebrafish
In recent years zebrafish (Danio rerio) has become a successful model system to study
developmental genetics. Apart from the advantages of its genetics (due to large-scale
chemical and insertional mutagenesis screen) and developmental biology, transparent
zebrafish embryos also serve as a good model system for cellular studies. The ease of
generating mutants (chemical and insertional) also helps identify mutants with specific
phenotypes. Specific genetic screens were done to look for the maternal mutants,
defective in early development (Dosch et al., 2004; Mullins et al., 1996; Pelegri et al.,
2004; Wagner et al., 2004). It is well known that maternally deposited molecules pattern
zebrafish early embryonic development. Different laboratories are utilizing zebrafish as a
model system to study embryonic patterning, embryonic induction and cellular
movements. However the cellular phenomena like RNA or protein localization,
segregation and generation of specific cell types are still not well understood in zebrafish.
The transparent embryos and easy availability of the oocytes are offering great
advantages to study RNA localization and segregation during zebrafish early embryonic
development and oogenesis respectively.
Oogenesis and embryogenesis are very rapid processes in zebrafish. The fishes reach
maturity within three months, while the early embryonic development is so rapid that by
24-hour post fertilization (hpf) the entire body plan is organized. The oogenesis process
governs five complicated steps from germ line to mature oocyte formation. Each step has
its characterized morphological criteria, which helps in classifying the stages of oocytes.
Morphologically the first event of asymmetry in oocytes is established by generation of
the micropyle, a small channel that facilitates fertilization by allowing entry of the sperm
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(Wolenski and Hart, 1987). Early zebrafish embryos undergo few crucial stages, which
mark, the developmental events. At around a thousand cell stage (3hpf) the embryos
undergo MBT (mid blastula transition), a unique phenomena which initiates zygotic gene
expression and specification of the dorso-ventral axis by accumulating b-catenin to the
dorsal nuclei. Recent studies have also shown that at 128-cell stage (2.2hpf) one could
detect b-catenin accumulation to the dorsal nuclei (Dougan et al., 2003). This is so far the
first known event of asymmetry during zebrafish embryogenesis that marks the DV axis.
Patterns of mRNA localization in zebrafish can be divided into two groups. Group one,
contains mRNAs getting localized to the precise position of the oocytes. These transcripts
are maternally expressed and they get segregated to the specific site of oocyte and may be
involved in specifying the animal-vegetal axis. The other group contains mainly those
transcripts that are transcribed maternally but get localized during early embryogenesis,
specifying those cells as special cells, which give rise to a specific organ/tissue.
During oogenesis before morphological asymmetry, the cellular symmetry is broken in to
animal and vegetal pole by differentially localized molecules. This asymmetric
localization is mainly achieved by segregation of different mRNAs. Howley and Ho
describe four patterns of RNA localization during different stages of oocytes (Howley
and Ho, 2000). They are mainly animal pole localizing, vegetally localizing, ubiquitous
and cortical class. Amongst these, the RNAs that localize to the vegetal pole are the first
ones to localize and to break the symmetry.  Transcripts of dazl and brul mark the vegetal
pole. dazl transcripts are known to localize to the mitochondrial cloud and then
subsequently to the vegetal pole in Xenopus oocytes. So far, no one has described
mitochondrial cloud structure in zebrafish though such a structure does exist in zebrafish
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young oocytes (K. Sampath unpublished). Dazl localization to the vegetal pole is the
earliest marker that demarcates animal and vegetal poles. In the animal pole localizing
category, transcripts of cyclin b (Howley and Ho, 2000; Kondo et al., 2001), fast1
(Pogoda et al., 2000), vg1 (Bally-Cuif et al., 1998) and cyclops (K. Sampath unpublished)
concentrate to the animal pole where the micropyle later develops. The ubiquitous class
contains transcripts of goosecoid, stat3, b-catenin and squint (Gore and Sampath, 2002;
Howley and Ho, 2000). Transcripts of all these genes do not show any specific pattern of
localization. However, upon egg activation or fertilization these transcripts localize to the
blastoderm and are eliminated from the yolk cell completely. The unique class of cortical
localization has so far a sole candidate known. Transcripts of vasa, a germ cell specific
gene localize to the oocyte cortex (Howley and Ho, 2000).  Polarization of an oocyte with
such a strict localization pattern could be responsible for the future embryonic axis
specification. The movement of these transcripts to the blastoderm upon activation or
fertilization is mainly dependent on cytoskeleton and cytoplasmic bulk flow.
Depolymerization of actin or microtubules has been shown to affect this transport (Leung
et al., 2000; Strahle and Jesuthasan, 1993). Segregation of the transcripts in the few cells
that carry a characteristic property to give rise to or to mark a specific cell type is also
observed in zebrafish early embryos. Work by F. Pelegri, H. Knaut and M. Koprnner
showed that the markers of primordial germ cells segregate only in to the germ cells by
eliminating all the somatic cells. Transcripts of vasa and nanos localize to the cleavage
plane at four cell stage embryo (Knaut et al., 2000; Koprunner et al., 2001; Olsen et al.,
1997; Pelegri et al., 2004; Yoon et al., 1997). Subsequently these transcripts get
eliminated from the somatic cells and get enriched only in the germ cells, marking four
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clusters of germ cells at the blastula stage. Later during development these cells migrate
and position themselves in the genital ridge. The phenomenon is tightly regulated at the
post-transcriptional level.
The mechanism of DV axis specification in zebrafish is controlled by maternally
deposited molecules. Previous work by Jesuthasan and Strahle has showed that the
microtubule cytoskeleton plays an important role in specifying dorsal axis (Jesuthasan
and Strahle, 1997). However, the molecular identity of the players is still unknown.
Recent data from analysis of maternal mutants in zebrafish indicates that canonical Wnt
signaling may be required for dorsal axis specification. But apart from canonical Wnt
signaling some other pathways may be involved in dorsal axis specification separately or
in parallel (Gore et al., 2005; Kelly et al., 2000; Nojima et al., 2004). Similar to frog
embryos, zebrafish oocytes and early embryos show localization of different RNAs and
proteins. Many of these localized transcripts in fish embryos are present in minute
quantities and they could be responsible for axis specification. These RNAs are localized
in a specific fashion in an oocyte or within an embryo. Their localization is dependent on
the cytoskeleton structures, sub-cellular organelles, localization elements within the RNA
and signaling from the surrounding cells. Localization of these transcripts is partly
responsible for the generation of cellular polarity, axis specification and different cell
types.
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1.2.6 Early embryonic development of zebrafish
Zebrafish early embryonic development is rapid and by 24hrs post fertilization, the
embryo is well developed and all organ primordia are specified. The early embryonic
development of zebrafish is divided into seven broad developmental periods. They are
the zygote, cleavage, blastula, gastrula, segmentation, pharyngula and hatching periods
(Kimmel et al., 1995).
The zygote period: the sperm passes through the special sperm entry point called the
micropyle fertilizes the mature stage V oocyte. Immediately after fertilization the clear
cytoplasm starts streaming towards the animal pole from the yolk. This segregation
continues through early cleavage stages. The clear cytoplasmic region is the part where
the embryo proper develops.
The cleavage period: During this period the embryo undergoes rhythmic cell division.
The blastomeres divide at about 15min intervals. The early divisions are meroblastic and
the cells show incomplete division. These blastomeres are connected to each other via
cytoplasmic bridges. Cell divisions up to the first five cell cycle are parallel to each other.
Only after the 32-cell stage, blastomeres divide perpendicular and produce 64 cells. At
this stage first time some blastomeres cover others completely.
The blastula period: This is the period during which the embryo divides and increases
its cell number. Embryo also undergoes two important processes, mid blastula transition
(MBT) and yolk syncytial layer (YSL) formation. The synchronized cell division starts to
become asynchronous. Cell cycle lengthening marks the onset of MBT at around
thousand-cell stage (Kane and Kimmel, 1993). Development up to the first three hours
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post fertilization is totally dependent on maternally supplied molecules. Once the MBT
starts, maternal and zygotic gene products start contributing for embryonic development.
The marginal cells, that lie against the yolk, collapse and release their cytoplasm and
nuclei into the cytoplasm of the yolk cell, giving rise to the YSL.
Gastrula period: During this period the embryo undergoes epiboly, which it has started
at the end of the blastula period. During epiboly the blastodisc and YSL starts spreading
over the yolk cell. During this period, the embryo forms an important structure called the
shield.  The process also gives rise to the three germ layers- ectoderm, mesoderm and
endoderm. These germ layers will contribute to formation of skin and epidermis, muscle
and notochord and digestive systems and its derivatives respectively. At around 50%
epiboly (blastomeres covering yolk cell up to the equator region), the involuting cells
start developing a thickening on one side. This local thickening is called the shield, which
is the equivalent of the Xenopus dorsal lip. The structure marks the eventual dorsal side
of the embryo. The first cells to involute give rise to the prechordal plate mesoderm. The
spreading cells eventually engulf entire yolk cell and that is considered as end of
gastrulation. At the end of gastrulation embryo develops a thickening on posterior dorsal
side called the tail bud. The prechordal plate cells eventually form a cushion like
structure at the anterior dorsal end called the polster.
Segmentation period: During segmentation period embryo starts undergoing somite
formation, initially three somites every hour up to six somites and then two per hour.
Kuppfer’s vescicle an organ that is responsible for formation of left right asymmetry
starts forming at the tail bud. Embryo starts undergoing anterior to posterior elongation
and also starts developing rudiments of the primary organs.
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Pharyngula period: This period is termed as pharyngula because the primordial of
pharyngeal arches are present in the embryo but they are not obvious. The hatching gland
cells on the pericardial region are the prominent feature of the pharyngula period.
Embryo also starts developing pigment cells mainly melanophores, xanthophores and
iridophores.
Hatching period: This is the period during which the larvae start hatching out of the
chorion. However, this process is not synchronous as within a clutch of embryos,
individuals start hatching separately. The larvae hatch out and consume the yolk and they
develop the mouth.
Different signaling pathways control early embryonic development. Among these, the
Wnt, TGF-b and FGF signaling pathways are well studied in zebrafish and other
vertebrate model systems. Many of these pathway molecules are also expressed
maternally and along with zygotically expressed molecules pattern the early embryo. The
maternally expressed molecules control early embryonic development in zebrafish up to
3 hpf, during which they also specify the dorsal axis molecularly. The mechanism of DV
axis specification in zebrafish is controlled by maternally deposited molecules, which
also include the members of the Nodal signaling pathway.
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1.2.7 The Nodal Signaling Pathway in zebrafish
The Nodal related proteins belong to Transforming Growth factor beta superfamily
(TGF-b). In vertebrates, they are essential for embryonic axes specification, formation of
mesendoderm and patterning of the nervous system (Schier and Talbot, 2001). A second
important role for Nodals in addition to mesendoderm induction is specification of left
right asymmetry (Collignon et al., 1996; Levin et al., 1995; Lowe et al., 1996; Sampath et
al., 1997). These proteins are secreted out and are known to act as morphogen (Chen and
Schier, 2001; Jones et al., 1996; Williams et al., 2004).
Nodals act via activin receptors, Smad transcription factors, and associated factors such
as FoxH1 (Shen and Schier, 2000; Yeo and Whitman, 2001). Studies in zebrafish led to
the realization that extracellular membrane-attached EGF-CFC proteins such as zebrafish
One-eyed pinhead and mouse Cripto are required for Nodal signaling during gastrulation
(Gritsman et al., 2000; Gritsman et al., 1999). The secreted Nodal molecules bind to type
I, II activin receptors, and EGF-CFC type co-receptor. Once bound to receptors they
phosphorylate downstream transcription factors mainly Smad2 and Smad4. These then
translocate to the nucleus, where they bind other co-factors like FoxH1 and Mixer to
activate downstream gene expression (Fig 1.3). Nodal signaling is antagonized by a set of
divergent TGF-b related molecules such as lefty (Meno et al., 1999; Meno et al., 1997;
Thisse and Thisse, 1999).
The majority of the Nodal signaling pathway was analyzed in zebrafish and mouse
embryos by mutant analysis and is supported by over-expression data from Xenopus. The
nodal gene was first isolated in mouse as a recessive retroviral insertional mutant (Zhou
et al., 1993). In Xenopus, so far there are six nodal related genes are identified and they
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are named (Xenopus nodal related) Xnr1 to Xnr6 (Smith, 1995). In zebrafish, so far three
nodal-related genes have been identified viz. cyclops (cyc) squint (sqt) and southpaw
(spw) (Erter et al., 1998; Feldman et al., 1998; Long et al., 2003; Rebagliati et al., 1998a;
Rebagliati et al., 1998b; Sampath et al., 1998). There are mutants available in cyclops and
squint locus, but no mutations have been identified thus in southpaw (Feldman et al.,
1998; Rebagliati et al., 1998b; Sampath et al., 1998). The essential EGF-CFC type co-
receptor is mutated in one eyed pinhead (oep) embryos (Zhang et al., 1998). The
downstream transcription factor fast1 locus is mutated in schmalspur (sur) mutants
(Pogoda et al., 2000; Sirotkin et al., 2000b), while the mutant bonnie and clyde  (bon)
affect the mixer gene (Kikuchi et al., 2000). So far there are no mutations identified in the
receptor but analysis of dominant negative and constitutively active form of TARAM
receptor mimics nodal loss of function and gain of function phenotypes respectively
(Aoki et al., 2002; Renucci et al., 1996).
Analysis of these mutants revealed a role for Cyclops and Squint in mesoderm and
endoderm formation, whereas Southpaw plays a crucial role in left-right asymmetry
(Feldman et al., 1998; Long et al., 2003; Rebagliati et al., 1998a; Rebagliati et al., 1998b;
Sampath et al., 1998). The downstream transcription factors are also important in proper
signal transduction. Over-expression studies in frog embryos also support the role for
Nodals in early mesendoderm development as well as in left-right asymmetry
(Sampath et al., 1997). In mouse, the conditional null analysis has revealed specific roles
for individual Smads in mesendoderm formation (Dunn et al., 2005; Dunn et al., 2004).
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Figure 1. 3 Schematic of Nodal signaling pathway
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The Lefty proteins antagonize Nodal signaling in two ways, in cultured cells lefty
proteins bind Nodal and inhibit its binding to the receptor complex or Lefty binds EGF-
CFC co-receptor and restricts the binding of Nodals to the receptor complex (Chen and
Schier, 2002). Over-expression studies in zebrafish and frogs have shown that Lefty
proteins can act as long-range inhibitors for Nodal, possibly through competition for
binding to receptors (Branford and Yost, 2002; Feldman et al., 2002). Lefty proteins
inhibit Nodal signaling and in doing so restrict the proper downstream gene expression.
They achieve this by activating an inhibitory loop. Over-expression of lefty inhibits nodal
synthesis and restricts the downstream gene expression and causes reduction in
mesendoderm formation. Lefty also, inhibits Nodal signaling by direct binding to Nodals,
which inhibits their activity (Branford and Yost, 2002; Chen and Schier, 2002; Feldman
et al., 2002). Loss of lefty in zebrafish shows impaired gastrulation, which affects germ
layer formation and cell movement (Feldman et al., 2002).
Nodal signaling is also controlled by different mechanisms extracellularly. Like most of
the TGF-b proteins, Nodals are synthesized as proproteins that are proteolytically cleaved
at RXXR consensus sequences by substilin like pro-protein convertase. The proteases
Furin and PACE4  (also known as Spc1 and Spc4 respectively) are directly involved in
processing Nodal ligands (Beck et al., 2002). Both Spc1 and Spc4 have been implicated
in BMP maturation as well (Constam and Robertson, 2000a; Constam and Robertson,
2000b). Xenopus PACE4 is implicated in maturation of different TGF-b molecules
during oogenesis and early embryogenesis (Birsoy et al., 2005). In addition convertase
latent TGF-b binding proteins contribute to maturation and presentation of TGF-b related
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molecules by binding to them and potentiate Nodal or Activin signaling (Altmann et al.,
2002).
Apart from the zygotic functions of Nodals, zebrafish cyclops and squint are also
expressed and localized maternally. During embryonic development, these factors play an
important role in specifying germ layers and mesendoderm. Their maternal expression
and function could be important in early embryonic development, which is so far
unidentified.
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2 Chapter II: Materials and Methods
2.1  Zebrafish Embryo and larval cultures:
2.1.1 Zebrafish Embryos
All the embryo cultures and operations were carried out mainly as described by the
zebrafish book (Westerfield, 1994). All the buffers and solutions prepared as
per ZFIN recipe section
(http://zfin.org/cgi-bin/webdriver?MIval=aa-ZDB_home.apg).
Zebrafish embryos were obtained by natural mating of local WT strain or of the AB
strain (Johnson et al., 1994) and raised at 280C. Mutant strains used in this analysis are
sqtcz35 (Feldman et al., 1998) and sqthi975(Golling et al., 2002). Embryos were cultured in
embryonic medium E3 (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33 mM MgSO4).
For morpholino injection experiments, embryos from AB strain were used to get
minimum polymorphism.
2.1.2 In vitro Fertilization
For obtaining synchronized embryos, adult females were sqeezed to get mature oocytes,
which were later fertilized by in vitro fertilization. Males were anesthetized using 1X
tricaine (Sigma) and placed on a sponge bed facing ventrally and then squeezed gently.
The sperm suspension then collected using a microcapillary. The collected sperm was
then stored on ice in 50ml of fetal calf serum (FBS). The sperm suspension was then
added on to the oocytes, followed by 100ml of Buffer I (116mM NaCl, 23mM KCl, 6mM
CaCl2, 2mM MgSO4, 29mM NaHCO3, 0.5% fructose and pH8.0) incubated for 30
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seconds at room temperature. Sperm were activated using 250 ml of 0.5% fructose in egg
water and incubated at room temperature for 2 minutes. After fertilization, eggs were
maintained at 280C in E3.
2.1.3 Oocyte activation
Full grown mature oocytes were isolated from adult female fish by squeezing, and staged
as per Selman (1993).  Mature oocytes were activated in egg water to induce cytoplasmic
streaming.
2.1.4 Drug treatment for cytoskeleton inhibitors
Stock solutions of nocodazole (Sigma) at 5mg/ml, and Latrunculin A (Lat A) (Molecular
Probes) at 10mM were prepared in DMSO.  The inhibitors were diluted in the egg water
to obtain final concentrations of 5 or 25 µg/ml of nocodazole (Jesuthasan and Strahle,
1997), and 5 or 25 µM of Lat A, respectively. Oocytes were incubated in the solutions for
30 min. For all drug treatments carrier DMSO was used as a control. In parallel, freshly
fertilized embryos were treated in similar fashion and monitored for inhibition of
cytokinesis to check the efficacy of the treatments.
2.1.5 Microinjection into zebrafish embryos
Embryos were injected using fine glass needle pulled from glass capillary using a
micropippete puller (Sutter Instruments). The glass capillaries used were 1mm outer
diameter (OD) and 0.5mm inner diameter (ID) with filament (Sutter Instruments). For
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injection experiments embryos were arranged on agarose ramps and injected using a
pressure injector (Harvard Instruments) fitted to a fine micro-manipulator (Narishige).
For RNA injections, glass needles were baked overnight or minimum 8 hr at 1800C prior
to injection. Volume of the injection drop was measured after breaking the tip. Typically,
3-4 nl of solution was injected. For the injection of fluorescent RNA, an ultraviolet (UV)
cut off filter was placed between the light source and objective to prevent RNA
photobleaching. After injections, embryos were maintained in the dark. For morpholino
injections, Morpholino antisense oligonucleotides (MO) were obtained from Gene Tools,
LLC. They were dissolved in sterile water and stored frozen in aliquots. Before injection
stock was diluted using Danieau’s solution and mixed with rhodamine or fluorescein
dextran prior to injection. List of morpholinos used in this analysis is given in Table
no.2.1.
2.1.6 Microinjection into zebrafish mature oocytes
Mature oocytes were isolated from adult female fish and maintained in 0.5% BSA in full
strength Hank’s solution. These oocytes were arranged on agarose ramps holding
individual oocyte. Oocytes were injected with a cocktail of morpholinos and rhodamine
dextran. After injection oocytes were fertilized by fresh sperm suspension as mentioned
above. Fertilized embryos later scored for rhodamine and positive embryos were cultured
and scored for the phenotypes (Quach Bao Ngoc, Helen and K. Sampath unpublished).
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2.1.7 Embryo dissections
Blastomere removal/ablation carried out as described by Mizuno et al 1999 (Mizuno et
al., 1999). Freshly fertilized embryos by natural mating or by in vitro fertilization were
injected with labeled RNA. They were dechorionated in agarose dishes and transferred to
a separate agarose dish containing 1X Ringer’s solution (116 mM NaCl, 2.9 mM KCl, 1.8
mM CaCl2, 5mM HEPES, pH 7.2) with 1.6% egg albumen and 1X antibiotics (Pennicilin
and Streptomycin with gentamycin all from Gibco). By using a fine eyelash tool,
blastomeres were removed from 4 to 8 cell stage embryos. After operation, embryos
allowed to recover and then transferred to 6 or 24 well tissue culture dishes coated with
agarose. Individual embryos allowed to grow to 1000 cell stage (3 hpf) and then
transferred to 1/3X Ringer’s solution with 1X antibiotics. Embryos were scored for the
phenotypes at stage prim 5 (24hpf).
2.1.8 Embryo Cleavage furrow labeling
Dechorionated 1 cell stage embryos in an agarose-coated dish were soaked in 2mM
solution of FM4-64 in E3 (Molecular Probes). The FM4-64 is a lipophilic dye, which
selectively labels vacuolar membranes in red colour. Embryos were incubated in the dye
for 10 mins in dark and washed 10 mins, 3 times with embryo medium (Feng et al.,
2002). Labeled embryos were mounted on a depression slide using 2.5% methyl cellulose
and visualized using Zeiss Laser Scanning Microscope 510.
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2.2 Molecular Biology and Recombinant DNA techniques:
2.2.1 Molecular biology techniques
Standard protocols were used for cloning and molecular biology techniques as described
in Molecular Cloning, A Laboratory Mannual(Sambrook and Russell, 2001). Plasmid
vectors were digested with respective restriction enzymes and inserts were ligated into it.
Inserts were either generated by restriction enzyme digestion or by polymerase chain
reaction (PCR). List of all the plasmids and primers used in this analysis is given in Table
no. 2.2 and 2.3 respectively.
All the plasmid transformations, were carried out using E. coli strain MC1061 or
XL1Blue, using heat shock at 420C for 90sec. Transformed culture was plated on media
containing relevant antibiotic selection.
Plasmid miniprep were done using Qiagen miniprep kit (Qiagen), which works on alkali
lysis protocol.
Plasmid miniprep DNA was digested by restriction enzyme(s) to identify the right clone.
Identified clones were subsequently sequenced and confirmed.
2.2.2 DNA sequencing
DNA sequencing reactions were carried out as described by the manufacturer’s
instructions. In brief, BigDye Terminator reaction kit (Applied Biosystems) was used in
all the sequencing reactions. PCR reaction was carried out on a thermocycler and samples
were scanned on an automated sequence scanning machine 3730xl DNA Analyzer
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(Applied Biosystems). DNA sequences were analysed using EditSeq software (Arnold
and Clewley, 1997) and compared with Genbank database sequences using BLAST
(Altschul et al., 1990).
2.2.3 Labelled capped mRNA synthesis
For synthesis of fluorescently labeled RNA, the following reaction components were
assembled in a sterile eppendorf tube.
1 mg equivalent of linearised plasmid DNA, 10ml of 5X transcription buffer (Promega), 2
ml of 100mM DTT (Promega), 2 ml of NTP mix (10mM ATP, 10mM CTP and 3mM
UTP from Roche), 2 ml of UTP mix (10mM total, 1/10th Alexa 488 labelled UTP from
Molecular Probes and remaining unlabled UTP from Roche), 0.5 ml of 5’CAP analog
(Ambion), 1 ml of Rnasin (40 u from Promega), 1 ml of SP6/T7/T3 RNA polymerase (20
u from Promega) and sterile distilled water to make the reaction to 50 ml. Reaction tube
was covered with aluminium foil to prevent photobleaching and incubated at 370C for
minimum 2 hrs. After incubation template DNA was digested using 1 ml of Dnase I
(Roche).
The synthesized RNA was extracted once with phenol:chloroform and once with
chloroform. Fractionated through Micro spin G50 spin columns (BioRad) to remove
unincorporated nucleotides. The purified RNA was then precipitated with sodium acetate
and ethanol. RNA pellet was washed using 80% ethanol and typically dissolved in 50ml
of sterile distilled water. RNA concentration was determined by A260. The quality of
RNA was checked by resolving an aliquot on phosphate gel, the labeling efficiency was
checked by fractionanting RNA on a gel without gel star/ ethidium bromide. RNA
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labelling efficiency was calculated as described by Molecular Probes. Labelled RNA was
stored at –800C.
For synthesizing fluorescein labeled RNA, NTP mix and UTP mix was replaced with
10X fluorescein RNA labeling mix (Roche Diagnostics).
2.2.4 Antisense DIG/Fluorescein labeled probe synthesis
For synthesizing antisense RNA probe, plasmid was digested with appropriate restriction
enzyme and the reaction was assembled in the following manner.
1mg of equivalent linearised DNA, 10ml of 5X transcription buffer, 2ml of 100mM DTT,
5ml of 10X DIG/Fluorescein RNA labeling mix, 1 ml of Rnasin (40U), 1 ml of Sp6/T7/T3
RNA polymerase and sterile distilled water to make up the volume to 50ml. After 2 hrs
incubation at 370C, template DNA was digested using Dnase I and precipitated with 4M
LiCl2 and ethanol. The RNA pellet was washed using 80% ethanol, air-dried and re-
suspended in 50 ml of sterile water.  2ml of the RNA probe was resolved on the gel to
check the quality of the probe.
2.2.5 Isolation of Mitochondrial Cloud structure
Young adult zebrafish females were sacrificed and ovaries were isolated. Isolated ovaries
were lysed in 1X TES (10mM Tris-Hcl pH 7.4, 1mM EDTA and 250mM Sucrose) and
homogenized using 5ml syringe with 26G needles. A Percoll  density gradient was
prepared with various concentrations of Percoll: 5%, 10%, 20% and 60%. Oocyte lysate
was layered onto the gradient and centrifuged using Beckman Ultracentrifuge in a swing
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out rotor at 25K rpm, 40C for 45 mins. Isolated cloud structure (Fig 3.3 A) was removed
and processed for RNA isolation and RT-PCR.
2.2.6 Total RNA isolation
Total cellular RNA was isolated using Trizol reagent (Invitrogen) as per manufacturer’s
instructions. For single embryo RNA isolation, in vitro fertilized embryos were staged as
per (Kimmel et al., 1995) and single embryo RNA was isolated in 100ml of Trizol
reagent. Isolated RNA was digested with Dnase I to remove trace amounts of genomic
DNA and phenol:chloroform extracted. The RNA quality was checked on the phosphate
gel.
2.2.7 Reverse Transcriptase (RT) reaction
Total RNA was denatured along with oligo d(T) primer or random hexamer (Roche) at
700C for 10mins and quenched on ice. Followed by 5X first strand synthesis buffer,
100mM DTT, 10mM dNTS and 1ml of Rnasin. Reaction was incubated briefly at 420C
and then 1ml of Superscript reverse transcriptase (Invitrogen) was added to the reaction
+RT. The total reaction volume was 20ml and a control reaction without reverse
transcriptase as –RT. –RT control did not amplified in PCR.
2.2.8 Polymerase Chain Reaction (PCR)
PCR was carried out using a thermocycler. Typically, a 20ml reaction was set up with 2ml
of 10X reaction buffer, 1 ml (of 100ng/ml) forward and reverse primer each, 1ml of 2.5
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mM dNTPs, 1 ml of thermopolymerase. Different enzymes used in this study are Cloned
Pfu Polymerase (Stratagene) and Hotstart (Qiagen).
2.2.9 Real-Time RT PCR
Total RNA from single oocytes and embryo was isolated using Trizol reagent and treated
with Rnase free Dnase I prior to cDNA synthesis.  The total RNA, which showed signal
on the gel was used for cDNA synthesis. Total RNA was converted into cDNA using
Superscript reverse transcriptase and oligo d(T) or random hexamer primers in a 20ml
reaction.
PCR was carried out using LightCyclerTM system (Roche), which allows amplification
and detection in the same reaction tube. LightCycler PCR reactions were set up in
microcapillary reaction tubes (Roche) with 2ml of cDNA as a template, 2ml of 10X
LightCycler mix, 1ml of forward and reverse primer each, 3.2 ml of MgCl2 and sterile
water to make the total reaction volume to 20ml. 10X LightCycler mix contains SYBR
green I, DNA polymerase enzyme and reaction buffer without MgCl2 (Roche).  The
primers used for analysis are listed in Table No (2). In order to compare expression level
of squint RNA during different developmental stages, a standard curve was generated in
each set of reaction using 30% epiboly cDNA as a template. Undiluted 100%, 1:1 diluted
50%, 1:10 diluted 10% and 1:100 diluted as 1%. Based on their values PCR efficiency
was calculated. From the PCR efficiency value, % squint expression was calculated for
all developing stages in each set, where 30% epiboly value was always considered as
100% and remaining values were calculated with respect to that (based on squint
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expression pattern by in situ hybridization)(Feldman et al., 1998). In all the experiments,
housekeeping ef1a gene expression was monitored as a control.
2.3 Stainings and imaging techniques:
2.3.1 In situ hybridization
For detecting endogenously expressed genes, embryos were subjected for in situ
hybridization.
Embryos were fixed using 4% paraformaldehyde in 1X PBS, overnight at 40C. Then they
were washed 3 times 10mins each with 1X PBST (1X PBS + 0.1% Tween20),
dechorionated and passed through ascending grades of methanol. Embryos then stored in
100% methanol at –200C, at least for one day.
Embryos were then subjected to descending grades of methanol and washed 2 times for
10mins with PBST. Embryos were then subjected to Proteinase K digestion to facilitate
the penetration of the probe, post fixed to inactivate Proteinase K and washed thoroughly
by PBST. Embryos were then transferred to 650C water bath in a hybridization solution
for pre-hybridization. Prehybridization was carried out for minimum 5 hrs. Embryos then
hybridized with antisense probe over night in the hybridization buffer at 650C.
After hybridization they were washed with 2X SSC and 0.2X SSC containing buffers at
650C and subsequently with 1X maleic acid buffer (MAB, 100mM Maleic acid, 150mM
NaCl pH 7.5). Embryos were then blocked in a blocking buffer 10% goat serum or 0.5%
blocking reagent (Roche) in 1X MAB for minimum 4 hrs. The blocking buffer was then
replaced by 1:2000 dilution of anti-DIG or Fluorescein antibody conjugated with alkaline
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phosphatase (Roche) in blocking buffer which was previously pre-adsorbed with the
embryo/fish powder. Embryos were left rocking in blocking buffer over night at 40C.
After antibody incubation, embryos were washed repeatedly using 1X MAB. After
antibody washing they were washed 3 times with alkaline phosphatase staining buffer.
Staining was developed either by using a precipitating substrate BM Purple (Roche) or by
FastRed (Sigma). For double in situ hybridization two probes were added together at the
time of hybridization. Typically the weak probe used was DIG labeled and developed in
BM Purple first. Followed by the strong probe fluorescein labeled and developed by
FastRed.
After staining embryos were washed in 1X PBST 3 times 10 minutes each and the
staining reaction terminated using 4% PFA. Embryos were washed then with PBST and
cleared in PBST: Glycerol (1:1). For imaging, embryos were mounted in 100% glycerol.
2.3.2 In situ hybridization on sections
Section in situ hybridization was carried out as mainly described by Gurdon et al (1999).
Fish oocytes or ovaries fixed using 4% PFA in PBS at 40C, overnight. Fixed tissue was
washed with 1X PBST, 3 times 10mins. Tissue was passed through ascending grades of
ethanol 10mins each. Washed twice with 100% ethanol and transferred into glass vials.
Oocytes were rinsed once with ethanol:Xylene (1:1) for 5 mins and with two washes of
100% Xylene twice for 5 mins. Oocytes were then embedded in paraffin wax (Sigma)
and blocks were prepared. Blocks were trimmed to desire size and 12m thick wax sections
were cut using Leica Microtome. Sections were collected on Superfrost charged slides
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from (Fischer/BDH) and allowed to spread on slides at 420C overnight. Sections were
stored at –200C in a frost-free freezer.
Sections were dewaxed in xylene and hydrated in descending grades of ethanol, starting
from two washes of 100% Xylene for 10mins, and subsequently passing through grades
of ethanol 5 mins each. Sections were washed twice in 1X PBST, 10 mins each. All the
washes were carried out using coplan jars. After PBST washes, sections were subjected
to 1ug/ml solution of Proteinase K for 5 mins and postfixed with 4% PFA for 20mins at
room temperature. Sections were washed 3 times 10mins wih 1X PBST and then rinsed
with 2X SSPE. Sections were covered with 400ml of hybridization buffer and then
incubated in humidified chamber at 650C for pre-hybridization. Prehybridization was
carried out minimum for 5 hrs.
For hybridization DIG or Fluorescein labelled probe was diluted in hybridization buffer
and denatured at 700C for 10 mins. Hybridization buffer was drained out from the slides.
A piece of broken coverslip was placed on two sides of the slide and a bridge was
prepared. 100 to 150ml (enough to cover the sections) of probe containing hybridization
buffer. A siliconised large coverslip was then placed on top of the sections to prevent the
evaporation. Hybridization was carried out at 650C for overnight.
Post hybridization washes were carried out in a coplan jar. Slides were soaked in 2X
SSPE for coverslips to fall off. Slides were then covered with 500ml of hybridization
buffer for 10mins. Sections were washed with 50%hybridization buffer: 50% 2X SSPE
and 0.3% CHAPS for 10mins at room temperature. Then sections were washed once with
2X SSPE and 0.3% CHAPS for 20mins at room temperature, followed by that 2 washes
of 2X SSPE for 20 mins each at room temperature. Slides were then rinsed 3 times with
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MAB for 10 mins each. Sections were then blocked with 500ml of blocking buffer at
room temperature for 2hrs. Blocking buffer was drained off and 200 ml of antibody
solution was added. Sections were incubated in antibody solution at room temperature for
1 hr. After antibody incubation, slides were washed 3 times (10 mins each) with MAB,
followed by 3 washes of staining buffer 5 mins each. Staining was developed using BM
Purple (Roche) or FastRed (Sigma). Staining reaction was stopped by 4% PFA and
sections were mounted in 100% glycerol. Coverslip edges were sealed using nail polish.
2.3.3 Antibody staining
Antibody staining for microtubules was detected in whole oocytes or embryos as
described by Jesuthasan and Strahle (1997). In brief, oocytes or embryos were fixed,
washed using TBS (155mM NaCl, 10mM Tris-HCl pH7.8 and 0.1% of NP40) and
blocked in a blocking buffer at room temperature for minimum 4 hrs. Then they were
incubated in primary antibody at appropriate dilution in blocking buffer. Followed by
washes of TBS and incubated in the secondary antibody. Secondary antibodies used were
conjugated with Alexa 488 or Alexa 568. In certain cases, ABC kit (Pierce) was used for
developing antibody staining using diaminobenzidine (DAB) (Sigma). List of primary
and secondary antibodies used in the analysis are given in Table no. 2.4.
2.3.4 Actin microfilaments staining
Fixed oocytes or embryos were labeled using rhodamine phalloidin as described by
Leung and Miller (Leung et al., 2000).
42
2.3.5 Nuclei/DNA staining
After the antibody staining, embryos were incubated at 1:10000 dilution of ToPro3 for 10
mins at room temperature and subsequently washed twice 10 mins each with the washing
buffer.
2.3.6 Imaging Techniques
Light microscopy images captured using Zeiss Axioplan II fitted with a Nikon color
camera. For fluoroscent images, either Zeiss Axioplan II or Zeiss Axiovert 200
microscopes were used attached with a CoolSnap CCD camera (Roper Scientific). For
animal pole view, embryos were mounted in a depression slide in 0.75% Low melting
point agarose in egg water. For lateral view they were mounted on a coverslip bottomed
dish and imaged on an inverted microscope. Images were captured using MetaMorph
software (Universal Imaging CorporationTM). Images were processed using NIH Image J
and movies were compiled. Movies were run using QuickTime.
For Confocal imaging, Zeiss Axioplan II with LSM 510 system (Zeiss) fitted with three
lasers at wavelengths 488nm, 543nm and 613nm. Live embryos were mounted in a
depression slide in methyl-cellulose and imaged using appropriate lasers. Captured
images then processed using LSM Image Examiner and finally compiled in Adobe
Photoshop.
All the images for the publication purpose were assembled using Adobe PhotoshopTM.
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Table No: 2.1 Morpholino Sequences
Gene Name Morpholino Name Morpholino Sequence
sqt Con MO 5’ cag gat cct gca cga aaa cgt gtc a 3’
sqt Sqt MO1 5’ cag gag ccc gca gga aaa cat gtc a 3’
sqt Sqt MO2 5’ atc tga gag att ctt acc tgc atg t 3’
sqt Sqt MO3 5’ atc aat tgt act tac ttt tag cga c 3’
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Table No: 2.2 List of Plasmids used in this study
Plasmid Vector Vector Site Insert
pCS2 Sqt full length pCS2 MCS sqt
pCS2 nuc-lacZ pCS2 MCS nuclear lacZ
pBSK shh pBSK MCS sonic hedge hog
pBSK hgg1 pBSK MCS hatching gland gene
pGEM-T cyclin b PGEM-T MCS cyclin b
pBSK dazl pBSK MCS dazl
pBSK cyc pBSK MCS cyclops
pCS2 fast1 pCS2 MCS fast1
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Table No: 2.3 List of Primers used in this study
Primer Sequence
Sqt_G_F 5’ GAGCTTTATTTCAATAACTGCGTG 3’ Genotyping
sqtcz35 allele
Sqt_G_R1 5’ ATATAAAATCAGTACAACCGCCCG 3’ Genotyping
sqtcz35 allele
Sqt_G_R2 5’ GCCAGCTGCTCGCATTTTATTCC 3’ Genotyping
sqtcz35 allele





Shi975F 5’ GACCATTGGCGGCATCTGTG 3’ Genotyping
sqthi975
mutant copy
Shi975R 5’ GCTAGCTTGCCAAACCTACAGGT 3’ Genotyping
sqthi975
mutant copy









R3sqt 5' CATCAAGTTATCCAGGTGCC 3' To detect
intron II
splicing
F4sqt 5'- TGCCGAGCACTCCAAGTATG -3' To detect
intron II
splicing
zfEF1aF 5' AGACTGGTGTCCTCAAGCCTG 3' Ef1a real
time PCR
zfEF1aR 5' TGTAAGTTGGCAGCCTCCATGG 3' Ef1a real
time PCR
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Table No: 2.4 List of antibodies used in this study
Antibody (Primary) Type Dilution
Anti-b galactosidase Polyclonal 1:1000
Anti-a tubulin Monoclonal 1:2000
Anti-g tubulin Monoclonal 1:1000
Anti-b catenin Monoclonal 1:500
Antibody (Secondary)
Donkey anti-mouse Alexa 488 1:300
Goat anti-rabbit Alexa 568 1:300
Rabbit anti-fluorescein Alexa 488 1:100
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3 Chapter III: RNA localization during zebrafish
oogenesis and embryogenesis
3.1 RNA localization during oogenesis:
Cytoplasmic mRNA localization ultimately determines the spatial distribution of some
protein synthesis and helps in establishing cell/oocyte polarity. mRNA localization
during oogenesis is well studied in invertebrates but not well studied in vertebrates
outside the amphibian model system Xenopus laevis (Mowry and Cote, 1999). Perhaps
RNA localization phenomenon is best documented in Xenopus oocytes, where polarity
along the animal-vegetal axis coincides with the localization of numerous mRNA
molecules. Research over the last several years has made exciting progress towards
understanding the molecular mechanisms underlying cytoplasmic mRNA localization. In
zebrafish, several genes are expressed maternally. The zebrafish one cell stage embryo
has an evident yolk cell which is a reservoir of food for the developing embryo and a
clear cytoplasmic area where the embryo proper forms. The yolk cell carries maternally
supplied mRNAs and proteins. These maternally expressed genes contribute to early
embryonic development before zygotic gene transcription begins. These genes also
influence specification of early axes and different cell fates (Jesuthasan and Strahle,
1997; Kimmel et al., 1995).
3.1.1 Stages of Zebrafish oocytes
Zebrafish ovaries contain arrays of oocytes at different stages (Selman et al., 1993). The
stages of oocytes are classified based on their morphology. Stage I oocytes are without
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yolk and appear as transparent spherical cells with clear cytoplasm around the oocyte
nucleus (germinal vesicle). At this stage, these oocytes are 20-140mm in diameter. They
contain a small spherical structure perinuclear to the oocyte nucleus known as “Nuage”.
The Nuage is apparent near the nuclear membrane, and consists of mitochondria and
mitochondrial cement proteins (Selman et al., 1993). The Nuage is later identified as a
structure similar to or part of the mitochondrial cloud (Balbiani body) in Xenopus oocytes
(Guraya, 1979). Stage II oocytes are around 140-340mm in diameter and do not show any
yolk accumulation. At this stage, the germinal vesicle is still at the center of the cell. By
stage III the oocyte has increased in size due to yolk uptake and is around 340-690mm in
diameter. The germinal vesicle starts to move towards the cell periphery. The oocyte
starts becoming opaque as yolk accumulates. At stage IV, oocytes are around 730mm in
diameter and undergo maturation. The maturation is marked by migration of germinal
vesicle towards the animal pole and break down of the nuclear envelope. After
maturation, these oocytes are ovulated, and travel down the oviduct and become stage V
oocytes/eggs, which are capable of undergoing fertilization (Selman et al., 1993).
3.1.2 The follicle cells in zebrafish ovary
The follicle cells always surround the oocyte during development and remain attached to
the oocyte upto oocyte maturation. Prior to oocyte maturation the follicle cells from their
flat slender structure become cuboidal and increase amount of lysosomes, rough ER and
lipid droplets. In Drosophila, follicle cells are known to deposit mRNAs in the
developing oocytes and play a crucial role in establishing DV axis during early
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embryogenesis. The function of follicle cells during oogenesis in zebrafish is still a
mystery.
3.1.3 RNA localization pattern during zebrafish oogenesis
During the process of oogenesis different mRNAs start localizing to subcellular domains.
Howley and Ho in (2000), classified several mRNAs into different classes based on their
localization pattern during oogenesis (Howley and Ho, 2000). They primarily observed
RNAs which localize during early stages of oocytes and those that are localized or
transported to animal pole after fertilization and during early cleavage stages. For
instance, b-catenin transcripts are ubiquitous during all stages of oogenesis and in
surrounding follicle cells. Transcripts of cyclin b start localizing to the animal pole of
oocytes by stage II and early stage III. Localization of cyclin b transcripts marks the
animal pole before formation of the micropyle. Zebrafish dazl and brul are the earliest
known mRNAs that localize to the vegetal pole of the early oocytes. Transcripts of zdazl
were the first known mRNA species to localize to the vegetal hemisphere of an oocyte.
zdazl transcripts start accumulating at the presumptive vegetal pole of the oocyte by as
early as stage I. These transcripts keep accumulating at the vegetal cortex later during
oogenesis and remain localized tightly to the cortex (Maegawa et al., 2002). Localization
of cyclin b and dazl transcripts in oocytes mark the animal-vegetal polarity of the future
embryo (Kondo et al., 2001; Maegawa et al., 2002). Apart from zebrafish dazl, transcripts
of zebrafish bruno like, brul, also start accumulating to the vegetal hemisphere of the
young oocytes (Suzuki et al., 2000). Unlike dazl and brul, which start localizing early
during oogenesis, transcripts of zebrafish orb like, zorba, start localizing by stage III of
oogenesis. zorba transcripts start accumulating to the animal pole of the growing oocyte
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and remain tightly localized to the cortex (Bally-Cuif et al., 1998). Thus, much before
morphological asymmetry is evident, zebrafish oocytes show polarized localization of
cytoplasmic mRNA.
3.1.4 RNA localization during zebrafish oogenesis and early
embryogenesis
Transcripts of zebrafish vasa are ubiquitous during stage I, but by stage II, these
transcripts start to localize to the cortex of the developing oocyte. By stage III and IV the
transcripts are detected only at the periphery of the oocyte, very close to the cortex and
excluded from the remaining oocyte. This type of localization is unique to vasa
transcripts during oogenesis. Later during cleavage stages, vasa transcripts are detected
only in the cleavage furrow along with the transcripts of zebrafish nanos, which are
required for primordial germ cell formation and maintenance (Knaut et al., 2000;
Koprunner et al., 2001; Lin et al., 1992; Raz, 2003). Another type of localization is seen
with the transcripts of zebrafish mago nashi, which localize to some blastomeres by early
cleavage stages. Maternally these transcripts show uniform distribution, however after
activation they start rapidly accumulating to the blastoderm. Later by cleavage stages, the
majority of mago nashi transcripts localize to the central four blastomeres at the 8-cell
stage embryo (Pozzoli et al., 2004). Similar to oocytes, zebrafish early embryos are
polarized with respect to mRNA localization much before the morphological asymmetry.
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3.2 Localization of transcripts of Nodal signaling pathway
molecules:
In zebrafish, transcripts of the Nodal signaling pathway molecules are also expressed
maternally. The zebrafish Nodal-related proteins, Cyclops and Squint, belong to
Transforming Growth Factor beta superfamily (TGF-b) and are known to be important
for early embryonic patterning (Erter et al., 1998; Feldman et al., 1998; Gritsman et al.,
2000; Rebagliati et al., 1998a; Sampath et al., 1998).
In stage I oocytes a prominent subcellular structure, called “mitochondrial cloud” appears
perinuclear to the oocyte nucleus. The mitochondrial cloud plays an important role in
cyclops mRNA localization to the animal pole during oogenesis (K. Sampath,
unpublished data). The mitochondrial cloud is similar to Xenopus Balbiani body and
contains mitochondria and RNAs (Heasman et al., 1984). In Xenopus oocytes, RNAs that
utilize the  Early/METRO pathway for localization go through the mitochondrial cloud
before anchoring to the vegetal cortex. Its role in RNA localization in zebrafish is still
unclear.
3.2.1 The mitochondrial cloud in young oocytes
To understand the detailed structure and position of the mitochondrial cloud during
oogenesis, I employed vital staining and immunohistochemistry techniques to visualize
the mitochondrial cloud. I could detect the mitochondrial cloud in live stage I oocytes by
DIC optics or staining them with MitoTracker dyes (Molecular Probes). Mitotracker
Red/Green dye selectively binds mitochondrial membranes and labels them. Oocytes
were soaked in 1mM solution of mitotracker dye and then visualized using a confocal
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Figure 3.1 Detection of mitochondrial cloud in young oocytes
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laser scanning microscope.  In stained preparations, the mitochondrial cloud appears as a
small, circular aggregate, perinuclear to the oocyte nucleus (the Germinal vesicle). At this
stage oocytes contain a very thin layer of cytoplasm surrounding the nucleus. The
mitochondrial cloud remains attached to the nucleus and appears as a prominent structure
next to the germinal vesicle (Fig 3.1 A). In fixed oocytes, I could detect the
mitochondrial cloud using antibodies specific against mitochondrial proteins. Monoclonal
antibodies against the mitochondrial membrane protein Cytochrome C specifically
recognized the cloud structure and detected a pattern similar to the Mitotracker staining.
In all the cases, early stage I oocytes showed that the mitochondrial cloud position is
always adjacent to the nucleus (Arrowhead in Fig 3.1 B and C). In Xenopus oocytes,
typically the mitochondrial cloud/balbiani body is composed of mitochondria, ER and
membrane vesicles. In zebrafish, mitochondrial cloud contains mitochondria but so far,
no one has detected any endoplasmic reticulum (ER) in the cloud. Also physiologically, it
is not known whether the mitochondria in the cloud differ from the cytoplasmic
mitochondria. The role of mitochondrial cloud in the RNA localization is still not
characterized in zebrafish. However, in certain sections from in situ hybridizations I
could detect zdazl RNA localized to the mitochondrial cloud-like structure in young
oocytes (Fig 3.1 D). During late stages neither mitotracker dye nor the antibodies could
detect specific staining presumably because of the disappearance of the cloud at later
stages.
3.2.2 Localization of cyclops transcripts during oogenesis
Transcripts of cyclops, squint, oep and fast1 are expressed maternally (Erter et al., 1998;
Feldman et al., 1998; Gore and Sampath, 2002; Pogoda et al., 2000; Rebagliati et al.,
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1998a; Zhang et al., 1998) (K. Sampath unpublished data, and this study). In the stage I
oocytes by in situ hybridization, I could detect cyclops transcripts localized
asymmetrically to the animal pole of an oocyte. In double in situ hybridization
experiments, where cyclops and dazl mRNAs were detected simultaneously, cyclops
transcripts (purple) were clearly at the opposite pole from dazl  (red), which marks the
vegetal pole (Fig 3.2 A). Apart from cyclops, transcripts of fast1, a forkhead type
transcription factor, which serves as a downstream effector of Nodal signaling, is also
localized to the animal pole of the oocyte (Pogoda et al., 2000) (Fig 3.2 B). The
transcripts of cyclops were detected at the animal pole only during early stages of
oocytes, whereas at later stages the cyclops transcripts were undetectable by in situ
hybridization or by RT-PCR, indicating that cyclops transcripts are enriched in stage I (K.
Sampath and H. Wang, unpublished data). The transcripts of dazl localize specifically to
the vegetal pole of oocytes. In stage I oocytes, sometimes dazl RNA was detected in a
spherical, circular structure perinuclear in position similar to mitochondrial cloud. In later
stages, at stage II and III, dazl transcripts were present tightly localized to the vegetal
hemisphere (Arrowheads in Fig 3.2 C and D). Based on the localization pattern it is
exciting to postulate that probably dazl transcripts utilize a similar localization pathway
as Xcat2 in Xenopus oocytes (Kloc and Etkin, 1995). Localization of dazl transcripts to
the vegetal pole and localization of cyclops and fast1 transcripts to animal pole by late
stage I or (early stage II) oocytes suggests that zebrafish oocytes are polarized prior to
morphological asymmetry as evident by formation of the micropyle (Wolenski and Hart,
1987).
55
Figure 3.2 Different RNA localization patterns during oogenesis
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The zebrafish oocyte is polarized along the animal vegetal axis early during oogenesis
and this could be the first event in establishing the polarity in the oocytes. As at stage I,
zebrafish oocytes are spherical in shape with centrally positioned nucleus. Localization of
cyclops transcripts at these early stages during oogenesis raises a possible role for cyclops
in animal-vegetal axis specification and polarization of an oocyte.
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3.2.3 Isolation of mitochondrial cloud and generation of cDNA library
During oogenesis, cyclops RNA localizes to the future animal pole of an oocyte. During
localization cyclops RNA first accumulates in the mitochondrial cloud and then
subsequently localizes to the animal pole (K. Sampath unpublished data). In an attempt to
identify other RNAs that may localize to the mitochondrial cloud, I isolated
mitochondrial cloud structure from young zebrafish females. The protocol has been
standardized for Xenopus oocytes and was modified for zebrafish oocytes (Etkin, L.,
personal communication). In the first experiment, ten one month old zebrafish females
were sacrificed and ovaries were isolated. Isolated ovaries were homogenized and total
cell lysate was separated on a Percoll density gradient to isolate mitochondrial cloud
structure. I could detect mitochondrial cloud structure similar to what has been seen in
case of Xenopus oocytes (Fig 3.3 A). The isolated mitochondrial cloud structure was then
extracted with Trizol and the RNA was precipitated. A small aliquot of the RNA when
resolved by gel electrophoresis showed two distinct bands of 16S and 12S similar to
mitochondrial rRNA (Fig 3.3 B). The experiment was then repeated with ovaries isolated
from fifty adult female zebrafish. The total RNA was then subjected to poly (A) RNA
isolation. After poly (A) RNA isolation the RNA concentration was very low and used
for Smart cDNA synthesis. An aliquot of generated library was cloned into the vector,
pGEM-T easy, and transformed into competent E.coli cells. The remaining part of the
library was subjected to RT-PCR detection of candidate genes. In Xenopus, Xdazl RNA
localizes to the mitochondrial cloud (Houston et al., 1998). Similar to Xenopus, zebrafish
dazl RNA is maternally localized and present in a cloud like structure in young oocytes.
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Figure 3.3 Isolation of mitochondrial cloud material from young oocytes
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PCR was done to amplify dazl fragments from the mitochondrial cloud library. I could
always detect dazl fragment amplified from cDNA generated from total ovary RNA.
However, I could never detect dazl fragment from mitochondrial cloud library,
suggesting that the generated library is of poor quality. I screened about one thousand
clones by restriction digestion for checking the insert size and by sequencing. I could
always detect insert sizes from 100bp to 500bp and never could detect any clone longer
than 500bp.  Sequencing results showed lot of clones with no particular similarities upon
BLAST. Both these results showed poor quality of the generated library. Different factors
are responsible for generating good cDNA library. In my hands, the isolation of the
mitochondrial cloud worked well, but generation of library was unsuccessful. One of the
major factors responsible for that could be the low starting material for the library
generation. I isolated RNA out of fifty ovaries, this itself is a very small number
compared to the of Xenopus study where, close to two hundred froglets were used to
generate the mitochondrial cloud library (L. Etkin personal communication). After poly
(A) RNA isolation the RNA concentration dropped further down and became difficult to
use for cDNA library construction. In the process of mRNA isolation there is a chance
that RNA got degraded, which resulted in generation of non specific cDNA library.
Starting with more number of females could help getting large amounts of starting
material and one could potentially overcome the problem. An RNA amplification step
would also help to generate cDNA library from small amounts of RNA. It is necessary to
generate such a library from zebrafish oocytes as genes identified from this library will
shed light on conserved molecules between zebrafish and Xenopus. It will also help
understand the mechanisms of RNA localization during zebrafish oogenesis and will help
60
draw parallels and differences between the mechanism of RNA localization in zebrafish
and Xenopus.
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3.3 Localization of oep transcripts:
Transcripts of one eyed pinhead (oep), an essential co-receptor for Nodal signaling, are
present uniformly through out oogenesis. The transcripts of oep are provided maternally
and remain uniform during early embryogenesis. Section in situ hybridization on mature
oocytes and activated oocytes show uniform distribution of oep transcripts (Fig 3.2 E). In
the activated oocytes, oep transcripts are eliminated from the yolk cell and are distributed
uniformly in the blastoderm (Fig 3.2 F). The uniform distribution of maternal oep
transcripts is present until late blastula stages (Zhang et al., 1998).
62
3.4 Localization of squint transcripts:
Zebrafish squint (sqt) transcripts are also expressed maternally. Northern analyses
revealed that squint transcripts are present before MBT and zygotically until 70% epiboly
(Rebagliati et al., 1998a). By northern analysis, squint expression looks constant through
early stages and maximum at 30% epiboly. Squint has recently been shown to function as
a morphogen in early gastrula stages (Chen and Schier, 2001). Since several molecules
which are involved in patterning and cell type specification are known to be
asymmetrically localized in oocytes and early embryos of Drosophila and C. elegans
(Micklem, 1995), I examined the distribution of maternal squint RNA in zebrafish
oocytes and early embryos.
3.4.1 Localization of squint transcripts during oogenesis
To determine the localization pattern of squint transcripts I carried out section in situ
hybridization. Whole ovary section in situ showed squint RNA uniformly expressed in
oocytes at all stages of oogenesis (Fig 3.4 A & C).  In early stage oocytes (Stage I) squint
transcripts were present uniformly through the cytoplasm and excluded from the oocyte
nucleus. At later stages, (Stage II and III) squint transcripts are present in the cytoplasm.
In the mature stage V oocyte squint RNA is distributed through the egg cytoplasm and
excluded from the germinal vesicle (Arrowhead in Fig 3.4 C). However, in situ
hybridization to detect squint RNA in fertilized embryos at the one cell stage showed that
the RNA was restricted to the blastoderm and excluded from the yolk cell (Fig 3.4 D).  In
zebrafish, egg activation and fertilization initiates cytoplasmic streaming towards the
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Figure 3.4 Localization of squint RNA during oogenesis
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animal pole, and is thought to result in the movement of determinants to the blastoderm
(Jesuthasan and Strahle, 1997; Oppenheimer, 1936).
3.4.2 Localization of squint transcripts in activated oocytes/embryos
To investigate the dynamic translocation of squint transcripts, I examined its distribution
in mature oocytes prior to and after, egg activation.  While squint RNA was distributed
uniformly through the oocyte cytoplasm in unactivated mature oocytes (Fig 3.4 C), a
dynamic redistribution of squint RNA was detected upon activation with egg water (Fig
3.4 D).  Mature oocytes were obtained by squeezing female and subsequently activated
by adding egg water. At ~5 minutes after egg activation, squint RNA aggregated in
clusters throughout the yolk (arrow in Fig 3.5 A), and was detected in the emerging
blastoderm (arrowhead in fig 3.5 A).  At 10 minutes post-activation, squint RNA was
detected in the yolk cell as aggregates, and in the blastoderm (arrowhead in Fig 3.5 B).
At 20 minutes post-activation, the aggregates in the yolk were larger (black arrow in Fig
3.5 C), presumably by fusion of small aggregates, and were closer to the blastoderm (red
arrow in Fig 3.5 C).  By 30 minutes after egg activation, squint RNA was detected
exclusively in the blastoderm (Fig 3.5 D), and excluded from the yolk cell.
3.4.3 Role of cytoskeleton in squint RNA localization
Intracellular movement of molecules can be mediated either by bulk flow of the
streaming cytoplasm (Glotzer et al., 1997), or along the actin and/or microtubule
cytoskeleton by motor proteins (Alarcon and Elinson, 2001; Elisha et al., 1995;
Riechmann and Ephrussi, 2001).
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Figure 3.5 Localization of squint RNA during egg activation
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To test if the actin cytoskeleton was involved in the activation-dependent localization of
squint RNA, mature oocytes were treated with Latrunculin A (Lat A) to disrupt assembly
of actin filaments (Spector et al., 1983), and the distribution of squint RNA was
examined.  Localization of cyclin b mRNA (Howley and Ho, 2000; Kondo et al., 2001),
which is dependent on the actin cytoskeleton, was used to check the efficacy of
disruption of microfilaments by Lat A.  While cyclin b RNA did not localize to the
blastoderm in Lat A-treated oocytes (Fig 3.6 A), squint RNA localization to the
blastoderm (Fig 3.6 B) was not altered in oocytes in which actin filaments were disrupted
(Fig 3.6 D).  These results indicate that the movement of squint RNA to the blastoderm is
not dependent on the actin cytoskeleton.
To determine if the microtubule cytoskeleton is required to localize squint RNA, mature
oocytes were treated with the microtubule depolymerizing drug, nocodazole, and squint
RNA distribution was examined.  While some squint RNA was detected in the
blastoderm of nocodazole treated oocytes (arrowhead in Fig 3.6 F), large aggregates
which stained positive for squint RNA remained in the yolk cell (arrow in Fig 3.6 F) of
microtubule-disrupted eggs (Fig 3.6 H) even at 30 minutes post-activation.  This is in
contrast to the localization of cyclin b mRNA to the blastoderm, which does not require
the microtubule cytoskeleton (Kondo et al., 2001).  It is conceivable that the squint RNA
detected in the blastoderm of nocodazole-treated oocytes was translocated by short-range
movements near the blastoderm by a microtubule-independent mechanism.  However,
large aggregates of squint RNA in the yolk cell failed to be transported in nocodazole
treated oocytes.  These results indicate that the long-range movement of squint RNA
from the yolk cell to the blastoderm is dependent on microtubules.
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Figure 3. 6 squint RNA transport is microtubule dependent
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The early translocation of squint requires intact microtubules for its localization to the
blastoderm. Large aggregates, containing squint RNA are translocated to the blastoderm
in first 30 mins after fertilization. However, the nature of the aggregates is not known.
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3.5 Localization of squint transcripts during early
embryogenesis:
To define a role for maternally expressed squint RNA in the developing embryo, I
performed an expression analysis by whole mount in situ hybridization. Maternally
expressed squint transcripts are translocated to the blastoderm in first 30 mins after
fertilization. Later during embryogenesis squint  RNA is present asymmetrically during
early cleavage stages. This localization of squint RNA is dependent on its 3’ untranslated
region (UTR), and has significance in specifying DV axis.
3.5.1 Localization of squint transcripts during early cleavage stages
To follow the dynamic pattern of squint RNA localization, I carried out in situ
hybridization on early cleavage stage embryos. I could detect squint RNA asymmetrically
localized to 4 and 8 cell stage embryos. The pattern of localization was random and I
could detect RNA in the central two blastomeres or sometimes in peripheral blastomeres
(Fig 3.7 arrowhead in A, B, C and E). At these early cleavage stages, maternal squint
was detected only in the blastoderm but not in the yolk cell. This localization of squint
RNA was close to the cell cortex. Later during embryogenesis squint transcripts were
observed localized to one or two blastomeres at 32 to 128 cell stage (Fig 3.8 A and B
and Table 3.1). This localization of squint RNA was seen from 4-cell stage to 128-cell
stage, which is before nuclear accumulation of b-catenin, previously the earliest known
event to mark the dorsal axis in zebrafish (Dougan et al., 2003). However, squint RNA
localization precedes this event, suggesting that dorsal specification in
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Figure 3. 7 squint RNA localization in cleavage stage embryos
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Figure 3.8 squint RNA localization during blastula and gastrula stages
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zebrafish may take place prior to nuclear accumulation of b-catenin, the earliest known
event of DV specification (Dougan et al., 2003; Schneider et al., 1996). This peculiar
distribution of maternal squint mRNA might some how be functionally connected to the
putative cell fate of these blastomeres.
3.5.2 Squint RNA localization is an active process
To investigate whether squint RNA localization is an active process or if it is because of
degradation of squint transcripts at some stage during localization, I carried out real time
RT-PCR to monitor squint RNA levels through embryogenesis. Total RNA was prepared
from single embryos obtained by in vitro fertilization, at different developmental stages.
First strand cDNA synthesis was done using oligo d(T) or random hexamer. Synthesized
cDNA template was used in real time PCR. Real time RT-PCR analysis (Fig 3.9 A)
shows that squint RNA levels are constant through cleavage and blastula stages. The peak
of squint RNA expression was detected at 30% epiboly, which has been also observed by
in situ hybridization (Feldman et al., 1998). A similar pattern was observed for oligo d(T)
and random hexamer primed cDNA samples. Random hexamer primed cDNA samples
showed better squint RNA representation in RT. The entire experiment was repeated with
minimum of eight single embryos at each time point and all the sets showed a similar
pattern. In all the experiments –RT never showed any amplification. Along with squint
transcripts, in all the experiments ef1a transcripts were also monitored as an internal
control. Transcripts of  ef1a showed an increase from MBT stages (Fig 3.9 B).
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Figure 3.9 Real time RT-PCR analysis of squint transcripts
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3.5.3 Localization of synthetic labeled squint RNA
Maternal squint RNA localizes asymmetrically during early cleavage stages. It was
interesting to investigate whether exogenously injected squint RNA could localize in a
manner similar to endogenous squint RNA. To examine the dynamics of squint RNA
localization in living embryos, I injected synthetic Alexa488 labeled squint RNA into 1-
cell embryos, and observed the movement of the fluorescent RNA by time-lapse video-
microscopy.  Injected synthetic fluorescent RNA shows asymmetric localization of the
RNA similar to endogenous RNA (Fig 3.10 A-F). The injected RNA streams up to the
animal pole and is asymmetrically segregated by the 4-cell stage (Fig 3.10 E). This
process is very rapid and dynamic. In lateral views, time-lapse video-microscopy shows
that RNA movement/localization occurs in a saltatory fashion. RNA streams up and the
movement is temporarily halted during the cell division (arrowhead in Fig 3.11 C and
D). This pattern of RNA movement may be because of the utilization of microtubules for
two separate processes, RNA localization and cell division.
Microtubules are required for translocation of squint RNA, since depolymerization of
microtubules by nocodazole inhibits squint RNA transport (Fig 3.12 A-F). In order to
monitor the dynamics of squint RNA movement in nocodazole treated embryos, I
injected labeled squint RNA into embryos and embryos were immediately transferred to a
dish containing nocodazole. In nocodazole treated embryos squint RNA remains stuck in
the yolk cell. These embryos fail to undergo any cell division and show abnormal
cytoplasmic streaming. Injected labeled squint RNA moves within the yolk cell and does
not stream towards the blastoderm. Similar to endogenous squint RNA, injected labeled
RNA forms small aggregates which fail to translocate (arrowhead in Fig 3.12 C and F).
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Figure 3. 10 Dynamic localization of squint RNA in real time
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Figure 3. 11 Dynamic localization of squint RNA in real time
77
Figure 3. 12 squint RNA transport is microtubule dependent
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3.5.4 Role of actin microfilaments in late squint localization
The early localization of synthetic squint transcripts is dependent on microtubules,
similar to endogenous squint RNA. Upon depolymerization of microtubules, squint RNA
movement is arrested and RNA remains in the yolk cell. However, later, after localization
by 4-8-cell stage, squint RNA always appears close to the cell cortex. Previous studies
have shown the importance of actin microfilaments in localizing zbrul RNA to the cortex
(Suzuki et al., 2000). The tight localization of squint RNA close to the cell cortex could
be controlled by a similar actin dependent mechanism. To investigate this possibility, I
injected labeled squint RNA at one cell stage and allowed it to localize by 4-cell stage. At
4 cell stage I, depolymerized actin with low doses of Latrunculin A (LatA). Typically,
treatment of 25mM  LatA for 30 min depolymerized all actin microfilaments in oocytes
and cleaving embryos (Gore and Sampath, 2002). For detecting role of actin in late
localization of squint RNA, embryos were treated with 5mM Lat A for 5 mins and
subsequently washed and monitored for abnormal cleavage/cell division.  Control
embryos treated with DMSO alone developed normaly, whereas LatA treated embryos
showed abnormal cell division (3 out of 15). In DMSO control treated embryos (n=15)
RNA was detected asymmetrically localized in a tight aggregate (Fig 3.13 A and C).
However, in LatA treated embryos five embryos out of fifteen showed tight localization,
where as the remaining embryos showed diffused signal across the blastoderm (Fig 3.13
B and D). The experiment was repeated twice and similar results were obtained.
To further investigate whether any other sub-cellular structure is required for squint
localization, I tried labeling endoplasmic reticulum (ER) along with the injected RNA.
ER Tracker dye selectively labels ER structures in cultured mammalian cells
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Figure 3. 13 Role of actin in squint  RNA anchoring at cleavage stages
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(Zunkler et al., 2004). I injected labeled squint RNA at one-cell stage in the embryos and
by 2-4 cell stage, soaked them in ER tracker to selectively label the ER. I could not detect
any labeled ER structures in the 2-4-cell stage, or in certain cases, I could detect weak
labeling. The efficiency and strength of ER labeling I obtained was extremely poor and I
was not able detect any co-localization between localized squint RNA and ER structures.
The early embryo cell membranes might prevent ER Tracker to selectively diffuse inside
the cell, but this is unlikely as the dye labels ER efficiently in cultured mammalian cells
(Fig 3.13 F). The other possibility is that ER is present in the form of vesicles or poorly
developed as it has been observed in the related fish fundulus (Lentz and Trinkaus, 1967).
One may need to use the confocal laser scanning microscope or the transmission electron
microscope to observe these structures. Both the approaches are feasible and will help
compare mechanisms of RNA localization between Xenopus and zebrafish (Chang et al.,
2004).
3.5.5 Localization of squint RNA is independent of cleavage furrow
In Xenopus, the first cleavage plane typically demarcates the DV axis (Klein, 1987).  In
Xenopus the sperm entry position is random, dorsal side gets specified opposite to the
sperm entry point. The dorsal determinants, which are responsible for DV axis
specification  are segregated by cortical rotation via microtubules and establish the DV
axis. In contrast, in zebrafish the position of sperm entry is fixed. Since squint RNA can
asymmetrically localize in 4-cell embryos, we tested if the localization correlates with the
initial cleavage planes. Freshly fertilized embryos were injected with fluorescently
labeled squint RNA and dechorionated. After dechorionation, embryos were soaked in
FM4-64 dye, which specifically labels endocytic vesicles and thus labels first cleavage
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Figure 3. 14 squint RNA localization is independent of cleavage plane
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furrow (Feng et al., 2002).  Injected RNA showed localization of squint RNA in cells on
one side of the embryo in majority of the cases (n=31 embryos) (Fig 3.14 A, B, D and E)
or on both sides of the cleavage furrow (n=20 embryos) (Fig 3.14 C and F).  Similar
results were obtained when the second and third cleavage planes were labeled (n=21
embryos).  This is similar to what is observed for endogenous squint RNA at 4-cell or 8-
cell stage embryos (Fig 3.7 A-F). Therefore, localization of squint RNA is random with
respect to the early cleavage planes. This observation is consistent with earlier analysis of
maternal effect mutation janus. In janus mutants, where the blastoderm splits into two
parts after first cleavage, the position of the dorsal organizer is random with respect to the
first cleavage plane (Abdelilah et al., 1994). These findings support the notion that in
zebrafish dorsal axis specification and the first cleavage furrow formation are two
independent processes.
3.5.6 Localization of squint RNA is independent of the centrosome
Different mRNA localization patterns have been observed in different model systems. In
embryos of the mollusc, Ilyanasa obsoleta, RNA encoding the secreted morphogen
Decapentaplegic (Homologous to Dpp in Drosophila or BMP2/4 in vertebrates) is
localized asymmetrically during embryogenesis. Iodpp RNA was detected in four
macromere cells at the 8-cell stage.  Furthermore, Iodpp RNA localizes to the
pericentriolar matrix in interphase centrosomes, and is partitioned to one daughter cell
during cell division. The role of the centrosomes in Iodpp RNA localization is a
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reminiscent of mechanisms of asymmetric cell division (Lambert and Nagy, 2002).  I
examined if squint RNA localizes to the centrosomes in 4- and 8-cell embryos.
Fluorescent squint RNA was injected at one cell stage and embryos were fixed at 4 and 8
cell stage. Fixed embryos were stained for g-tubulin to mark the centrosomes along with
injected RNA. Injected fluorescent squint RNA did not overlap with g-tubulin stained
centrosomes in 90% of embryos examined (n= 30) (Fig 3.14 G). I detected squint RNA
overlapping with one of the centrosomes in only 3 embryos (Fig 3.14 H). As the majority
of embryos injected RNA does not localize with g-tubulin positive centrosomes, I
conclude squint RNA does not localize to centrosomes during 4-8 cell stage embryos.
Thus centrosomes do not play a role in squint RNA localization.
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3.6 Localization of squint RNA is dependent on its 3’ UTR:
3.6.1 Minimal localization element in squint 3’ UTR
Localization of several transcripts in Drosophila, Xenopus and zebrafish embryos and in
mammalian neurons requires elements in the 5’ and 3’ un-translated regions (Condeelis
and Singer, 2005; Raz, 2003; Riechmann and Ephrussi, 2001). To identify the element
required for localization of squint RNA, I generated deletions in its UTRs. Fluorescently
labeled RNAs were synthesized on these deletion constructs and injected into one-cell
stage embryos. Their pattern of localization was observed by real time video-microscopy.
Complete deletion of the squint 3’UTR (Fig 3.15 A-C) or fusion of squint coding
sequences with the 3’UTR of ß-globin results in uniform distribution of injected
fluorescent RNA (Fig 3.15 D-E). In lateral views, labeled squint RNA streams up
towards the animal pole but instead of remaining as a tight aggregate it diffuses and
spreads all over the blastoderm (arrowhead in Fig 3.15 C). To further define the
localization element, I carried out systematic deletion analysis in the squint 3’UTR.  I
observed that a region compassing the first 50 nucleotides of the squint 3’UTR is
sufficient to localize squint RNA by the 4-cell stage. Serial deletions from the 3’ end of
the UTR revealed a region in the 3’ UTR responsible for its localization. This pattern of
localization was similar to squint full length RNA (Fig 3.16 A-F). Just like the squint full
length RNA, RNA with the 50 nucleotide minimal localization element localized
asymmetrically by 4-8 cell stage.
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Figure 3. 15 squint 3’ UTR is required for its localization
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Figure 3. 16 Dynamic localization of squint RNA in real-time with its minimum
localization element
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3.6.2 Squint 3’ UTR can localize a lacZ reporter gene to future dorsal
side
To study regulation of squint 3’ UTR more directly, the coding sequence of a reporter
gene lacZ fused to the squint 3’ UTR was injected in the embryos and the localization
was observed in live and fixed embryos. Fluorescently labeled lacZ:sqt3’ UTR RNA
could localize asymmetrically similar to full length squint RNA (Fig 3.17 A-F). I then
tested whether endogenous squint RNA and exogenously injected chimeric RNA
colocalize. Fluorescein- labeled lacZ:sqt3’ UTR RNA was injected at one cell stage and
embryos were fixed at 4 or 8 cell stage and processed for endogenous squint or injected
lacZ:sqt3’ UTR RNA detection. The endogenous squint RNA was detected using an
antisense probe, which lacks the 3’ UTR of the squint gene. This probe detected
endogenous squint RNA, while exogenously injected fluorescein-labelled lacZ:sqt 3’
UTR chimeric RNA was detected using anti-flourescein antibodies fused with Alexa 488.
Injected flourescein labeled chimeric squint RNA was detected in the cells expressing
endogenous squint RNA (Fig 3.18 A and B), and was asymmetrically localized in two
cells of 4-cell embryos (Fig 3.18 C). Thus exogenously injected chimeric RNA with sqt
3’ UTR co-localizes with endogenous squint RNA. To investigate, which cells inherit the
lacZ:sqt 3’ UTR RNA I injected lacZ:sqt 3’ UTR and fixed these injected embryos at
around high stage (3.3 hpf). In the majority of the embryos b-galactosidase staining was
asymmetric at this stage (Fig 3.19 A-C). I could detect b-galactosidase staining in the
YSL and in the blastomeres adjacent to YSL. This expression pattern is similar to the
expression pattern of
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Figure 3. 17 Dynamic localization of lacZ:sqt 3’ UTR in real-time
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Figure 3. 18 Co-localization of lacZ:sqt 3’ UTR with endogenous squint RNA
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endogenous squint shown by (Erter et al., 1998; Feldman et al., 1998). At sphere stage
squint is expressed in the dorsal YSL and cells above the dorsal YSL (Erter et al., 1998;
Feldman et al., 1998; Rebagliati et al., 1998a). In 67% of the injected embryos, I could
detect b-galactosidase protein colocalizing with the endogenous dorsal marker
dharma/bozozok (Fig 3.20 B). This was subsequently confirmed by colocalization of
endogenous nuclear b-catenin with b-galactosidase. The blastomeres which carry
lacZ:sqt3’ UTR give rise to dorsal side in the developing embryo. Thus, one could
predict the future dorsal side of the zebrafish embryo as early as the 4-8-cell stage.
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Figure 3. 19 lacZ:sqt 3’ UTR RNA localizes to one side of the embryo
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Figure 3. 20 lacZ:sqt 3’ UTR localizes to the dorsal side of the embryo
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3.7 Discussion:
RNA localization during embryonic development is a newly emerging field in zebrafish.
The mechanism of RNA localization during oogenesis and embryogenesis is extremely
complex and there are different areas which need much detailed investigation. RNAs
destined for specific localization need to be recognized from amid the vast arrays of
RNAs within the cell. RNA needs to be transported or restricted to a specific domain of
the cytoplasm. Most importantly, maintainance of the localized RNA molecules at the
correct cytoplasmic location is needed to ensure spatially appropriate translation. The
requirement of cis and trans acting elements for RNA localization is a common theme
between zebrafish and other systems, but the molecular players required for the process
may be different.
In zebrafish, different RNAs are known to utilize actin and microtubule cytoskeleton
elements for their localization. These cytoskeletal elements are required during oogenesis
and embryogenesis. The motor proteins, which move along these cytoskeleton arrays are
still not identified in zebrafish. In Drosophila and Xenopus oocytes, kinesin related plus
end directed motor proteins are required for oskar and V g 1 RNA localization
respectively. The oskar RNA localization process in Drosophila initiates in the nucleus
where cis regulatory elements within the RNA are identified and RNA binding proteins
bind to them. These RNA binding proteins include members of the splicing machinery as
well (Hachet and Ephrussi, 2004). RNA binding proteins and their role in localization has
not been identified in zebrafish. In squint RNA localization, the microtubule cytoskeleton
is required for its localization, but the polarity of these microtubule arrays is still
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unknown. Little is known about how ubiquitously present squint RNA during oogenesis
is targeted and loaded onto microtubules for transport.
The minimal localization element within the squint 3’ UTR is sufficient to localize
reporter genes to the future dorsal side. The fact that injected squint RNA colocalized
with endogenous squint transcripts indicates that both the RNAs utilize the same
localization machinery. Emergence of new technology to understand RNA localization is
a key development in the field of RNA localization. Imaging of the RNA movement in
real time and labeling of endogenous RNAs with fluorescent trans acting factors are
adding to better understanding of the mechanism. As zebrafish embryos are relatively
transparent such imaging techniques will be of great use to understand RNA localization.
Apart from squint RNA, RNAs of the germplasm are also localized asymmetrically in
zebrafish (Raz, 2003). Early patterning of the zebrafish embryo could be similar to
Drosophila or Xenopus embryos, where differentially localized RNAs polarize the
embryo and subsequently specify different cell types. Localization of zebrafish vasa and
nanos RNAs to the germplasm are controlled by their 3’ UTR (Knaut et al., 2002;
Koprunner et al., 2001; Raz, 2003; Wolke et al., 2002). The process of nanos and vasa
RNA localization is conserved across the vertebrates and invertebrates. The process is so
well conserved that vasa homologues across different species when injected into Xenopus
oocytes localize to germ plasm (Knaut et al., 2002).
RNA localization and axis specification is a highly conserved mechanism amongst
different species. Zebrafish Squint belongs to the Nodal class of TGF-b superfamily.
Although the functions of zygotic squint are well characterized, its maternal role in early
embryonic development has not been elucidated. Here, I have shown that squint RNA in
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zebrafish is asymmetrically localized during early cleavage stages, and may play a role in
dorsal axis specification. First, using whole mount in situ hybridization, I showed that
squint RNA was localized to only one side of the embryo. Second, real time video
microscopy and analysis of squint 3’ UTR RNA showed synthetic RNA localization
similar to endogenous squint RNA. Transcripts of dorsal marker dharma were detected
co-localized with reporter construct fused with squint 3’ UTR in most of the embryos.
Thus squint RNA may be localizing and specifying those blastomeres to give rise to
dorsal side. For this localization the 3’ UTR of squint RNA is important. Apart from its
own 3’ UTR, squint RNA also needs an intact microtubule cytoskeleton for its proper
localization. Thus, squint RNA localization by 4-8 cell stages may be specifying dorsal
axis prior to nuclear accumulation of b-catenin.
Given that the mechanisms of mRNA localization and axis specification are conserved
evolutionarily, it is possible that DV axis specification by asymmetric localization of
dorsal determinants is conserved in higher vertebrates as well. It will be interesting to
investigate the early function of  localized nodal RNA or other TGF-b related RNA plays
(if any) in DV axis specification in higher vertebrates.
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Table No. 3.1 Embryos showing localized sqt RNA at early stages




4 cell (1 hpf) 72 66.66
8 cell (1.25 hpf) 52 67.30
16 cell (1.5 hpf) 38 68.42
128-256 cell (2.25 hpf) 75 60
512-1000 cell (2.75-3 hpf) 78 92.3
Sphere (4 hpf) 39 89.74
30% Epiboly (4.66 hpf) 60 100
Shield (6 hpf) 50 100
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4 Chapter IV: Cellular functions of localized Squint
4.1 DV axis specification in zebrafish:
The vertebrate body plan is established by a series of inductive events and cellular
rearrangements. Dorsal organizer formation is well understood in the vertebrate model
system Xenopus. Localization of maternal determinants to the dorsal vegetal blastomeres
results in formation of Nieuwkoop’s center. After midblastula transition, maternally
localized determinants along with zygotically expressed molecules in the Nieuwkoop’s
center induce cells overlying to form dorsal organizer (Nieuwkoop, 1969). This region of
the embryo when transplanted on to the ventral side of the host embryo induces a
secondary axis in the host embryo. Hans Spemann and Helde Mangold very elegantly
showed this in amphibian embryos and hence the term “Spemann organizer”. The
Spemann organizer provides signals for mesoderm formation; induces gastrulation
movements and patterns the neuroectoderm (Spemann and Mangold, 1924). The dorsal
axis of the Xenopus embryo is evident immediately after fertilization and one can predict
the region where the organizer is going to form.
In zebrafish, the dorsal axis is indistinguishable morphologically before gastrulation. In
zebrafish, the embryonic shield is critical in establishing dorsal axis. The embryonic
shield, which is equivalent of Xenopus organizer forms at around 6hpf and is capable of
converting lateral and ventral mesoderm into dorsal mesoderm as well as inducing a
secondary axis in host embryos when transplanted on to ectopic positions (Saude et al.,
2000). It has been shown by Suresh Jesuthasan and Uwe Strahle that, in zbrafish
maternally expressed determinants are transported to the blastomeres along microtubules
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after fertilization specify the dorsal axis in zebrafish (Jesuthasan and Strahle, 1997). They
treated zebrafish early embryos with either Nocodazole or cold treatment or by UV
irradiation to inhibit microtubule polymerization. Embryos developed from these
treatments showed deficiencies in dorsal axis specification. This supports the Xenopus
data, where depolymerization of microtubules before or after fertilization inhibits dorsal
axis formation (Heasman, 1997). These embryos lack a notochord, anterior neural
structures and are termed ventralized embryos. In another teleost fish, Fundulus
heteroclitus, Jane Oppenheimer observed dorsal axis specification during early cleavage
stages in 1936 (Oppenheimer, 1936). In her study, she showed that axis determinants are
present within the yolk cell and segregate asymmetrically during first few cell divisions.
Similarly, elegant experiments done by Mizuno et al in Goldfish embryos showed that the
yolk cell of the early cleavage embryo plays an important role in dorsal axis specification
(Mizuno et al., 1997). In 1999, Mizuno et al also showed that a similar mechanism is
required for dorsal specification in zebrafish (Mizuno et al., 1999). Later in 1999, Elke
Ober and Stefan Schulte-Merker showed that zebrafish yolk cell contains dorsal
determinants, which can induce cells to start expressing dorsal specific genes (Ober and
Schulte-Merker, 1999). Taken together, these analyses indicate that dorsal axis
specification in zebrafish and in related teleost fish species is controlled by maternally
provided molecules.
Recently conducted genetic screens are yielding several maternal recessive mutants,
which show defects in dorso-ventral axis specification (Wagner et al., 2004). Amongst
these mutants, ichabod mutation shows maternal control of dorso-ventral patterning
(Kelly et al., 2000). Embryos born to MZ ichabod female lack majority of the dorsal
99
structures. These embryos fail to develop any notochord, lack majority of the anterior
neuroectoderm and develop as ventralized embryos. Maternal ichabod embryos fail to
accumulate nuclear b-catenin to dorsal blastomeres, something similar to that observed
upon microtubule depolymerization in zebrafish embryos (Jesuthasan and Strahle, 1997;
Kelly et al., 2000).
 b-catenin is a crucial player in the canonical Wnt signaling pathway. In Xenopus, a
recent study showed asymmetric localization of wnt11 RNA in 4-cell stage embryos
triggers accumulation of b-catenin to dorsal blastomeres. Failure of b-catenin
accumulation leads to generation of ventralized embryos (Heasman et al., 1994;
Schneider et al., 1996; Tao et al., 2005; Wylie et al., 1996). Depolymerization of
microtubules in zebrafish and Xenopus early embryos leads to ventralized phenotypes
drawing parallels between the two systems for specification of the dorsal axis. In
Xenopus maternally deposited and localized wnt11 RNA is the key player in activating
canonical Wnt signaling on the dorsal side (Tao et al., 2005). However, zebrafish Wnt11
does not have any such role in axis formation. Zebrafish wnt11 mutant silberblick have
defects in cell movement during gastrulation but dorsal axis formation is normal in these
embryos. MZsilberblick embryos do not exhibit any dorsal defects (Ciruna et al., 2006;
Heisenberg et al., 2000). A likely explanation is that the zebrafish genome is duplicated
and there may be another wnt11-like gene with redundant or overlapping functions in
zebrafish embryo. Apart from Wnt signaling, TGF-b related molecules are also present
maternally in Xenopus and zebrafish embryos. Vg1, Activin and Nodals all belong to
TGF-b superfamily and are expressed during oogenesis and early embryogenesis in
zebrafish and Xenopus. These factors may be involved in dorso-ventral axis specification
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together with Wnt signaling. Recent investigations in Xenopus embryos shows a role for
endogenous Vg1 in dorsal structure formation. Depletion of endogenous Vg1 by
antisense oligos leads to reduction in dorsal markers like chordin and noggin in Xenopus
embryos, and the embryos show defects in gastrulation movements (Birsoy et al., 2006).
Apart from these studies, a recent investigation in Xenopus tropicalis embryos shows that
unprocessed forms of two maternally expressed nodal related genes (Xnr2 and Xnr5) can
inhibit both BMP and Wnt signaling (Haramoto et al., 2004; Onuma et al., 2005). These
interesting observations to different questions (which are still unanswered) regarding
dorso-ventral patterning in Xenopus and zebrafish embryos. Thus, apart from Wnt
signaling, TGF-b signaling cascade may also be required for proper dorsal formation.
Thus, both Wnt and TGF-b pathways may specify dorsal structures by acting on different
downstream targets either independently or in concert.
4.1.1 Role of Nodal signaling in DV axis specification
TGF-b signals belonging to the Nodal class set up the embryonic axes, induce the
mesoderm and endoderm and also pattern left-right asymmetry (Schier and Talbot, 2005).
Genetic studies in mouse and zebrafish have established that Nodal molecules are central
players in dorsal mesoderm and endoderm induction. The Nodal signals Cyclops and
Squint are required for germ layer formation in zebrafish (Feldman et al., 1998;
Rebagliati et al., 1998a; Sampath et al., 1998). Mutants in zebrafish cyclops, squint and
one-eyed pinhead lack majority of the endoderm and head and trunk mesoderm (Feldman
et al., 1998; Gritsman et al., 1999). In zebrafish, Nodal signaling acts before gastrulation
to specify progenitors of mesoderm and endoderm. In the absence of Nodal signaling,
like in cyc:sqt double mutants or MZoep embryos, these progenitor cells are fated to
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neuro-ectodermal cells (Dougan et al., 2003; Feldman et al., 2000). Compared to cyc:sqt
double mutants, single mutants of cyclops and squint have less severe phenotypes. Single
mutants of cyclops display a reduced prechordal plate, lack of floor plate and defects in
LR asymmetry (Hatta et al., 1991; Rebagliati et al., 1998b; Sampath et al., 1998; Tian et
al., 2003). In contrast, squint single mutants show a reduction in mesendoderm cells, lack
of prechordal plate mesoderm and gaps in dorsal mesoderm structures (Dougan et al.,
2003; Feldman et al., 1998).  The weak phenotype displayed by the single mutants may
be due to their redundant functions in specifying various cell types. There are two
available squint mutations, both of which are insertions. There are no deletion mutants
available for squint locus (Feldman et al., 1998; Golling et al., 2002). It is possible to get
rescued squint mutants to grow to adulthood, however embryos generated from these
MZsquint mutant mothers are not distinguishably more severe than Zsquint mutant
embryos (Aoki et al., 2002; Mathieu et al., 2002). It is possible that the insertions do  not
fully abolish Sqt function and this could be partly responsible for the weak phenotypes
observed in squint mutants. Alternatively, similar to the overlapping zygotic functions of
Sqt with Cyc, maternal Sqt may overlap with other similar TGF-bs that are also present
maternally.
The site of the Cyclops and Squint signaling is important for the formation of the dorsal
mesendodermal progenitors. Over-expression of cyclops  and squint  induces
mesendodermal progenitors at ectopic positions. In zebrafish, nuclear localized b-catenin
is thought to activate zygotic squint expression dorsally (Dougan et al., 2003; Shimizu et
al., 2000). Both Cyclops and Squint are also known to autoregulate their expression via a
feedback loop (Feldman et al., 2002). Dorsally expressed Cyclops and Squint generate a
102
gradient of Nodal signal along dorso-ventral axis and specify different cell types along
this gradient. The cells on the dorsal most side see high levels of Cyclops and Squint and
induce cell fates like prechordal plate and express marker goosecoid. Low levels of
Cyclops and Squint along the lateral sides of an embryo induce notochord and a pan-
mesodermal gene no tail. Higher levels of Cyclops and Squint are required to induce
dorsal mesoderm than ventral mesoderm. High levels of Cyclops and Squint are also
required for the induction of the endoderm (Dougan et al., 2003). The Nodal inhibitor
Lefty controls the concentration dependent activity of Cyclops and Squint extracellularly
(Branford and Yost, 2002; Chen and Schier, 2002; Feldman et al., 2002). Loss of Lefty
proteins in zebrafish leads to persistent Cyclops and Squint signaling and expansion of
dorsal fates (Chen and Schier, 2002; Feldman et al., 2002). In mouse embryos, apart from
the dorsal mesendoderm specification, Nodal signals also establish the anterior-posterior
axis (Beddington and Robertson, 1999). The early role of Nodal signaling in axis
specification in zebrafish and Xenopus is still not clear.
4.1.2 Squint marks dorsal by 4-8 cell stage
Soon after the synchronized cell divisions, zebrafish embryos display asymmetry with
respect to the dorso-ventral axis. Several zygotic genes start expressing to dorsal
blastomeres at midbalstula transition (MBT) including squint and dharma (Erter et al.,
1998; Feldman et al., 1998; Yamanaka et al., 1998). Several experiments suggest that the
dorsalising activity in zebrafish embryos starts during cleavage stages prior to MBT.
Though it is clear that maternally expressed molecules control dorso-ventral axis
formation in zebrafish, the nature of these determinants is still unknown. After
103
fertilization, cytoplasmic streaming relocates maternally deposited molecules from the
yolk cell to the blastoderm. This streaming requires an intact actin and microtubule
cytoskeleton network (Driever, 1995; Jesuthasan and Strahle, 1997).
Transport of squint  transcripts is carried out using the microtubule network.
Depolymerization of microtubules affect dorsal axis formation, making Squint a putative
molecule required for dorsal axis formation. Since squint RNA translocates to the
blastoderm on microtubules and can localize asymmetrically to the 4- to 8-cell stage, it
makes squint a candidate molecule required for dorsal axis specification by asymmetric
localization. Based on these observations I sought to address the possibility that the early
asymmetry of the localized squint RNA might be linked to the polarity of the embryonic
axes, i.e. the DV or AP axes. I investigated if the dorsal axis is specified in zebrafish
embryos by the 4- to 8- cell stage, and found that localized squint RNA marks the dorsal
by these stages. In zebrafish, the initial cleavage plane does not correlate with the DV
axis or localization of the squint RNA (Abdelilah et al., 1994; Gore et al., 2005). I
injected fluorescent lacZ:sqt 3’UTR RNA to mark the squint-containing cells in early
embryos. Once localized by 4- or 8- cell stage, blastomeres carrying localized sqt (sqt+)
were removed. The embryonic operations were carried out as described by Mizuno et al
with a few modifications (Mizuno et al., 1999). Dechorionated embryos were maintained
in 1X Ringer’s solution with 1.6% egg albumen and antibiotics. The embryos were
punctured and a small opening was made using an eyebrow hair knife in the blastomeres
to sqeeze out the cytoplasm. Subsequently blastomeres were removed and the embryo
was allowed to heal. After healing individual embryos were cultured in 16 well dish
coated with agarose in 1X Ringer’s solution. Some manipulations resulted in puncturing
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of the yolk cell and collapse of the embryo. These embryos were not scored for their
phenotypes. For controls, blastomeres without sqt (sqt-) were removed (Fig 4.1).
Embryos from which sqt+ blastomeres were removed developed as ventralized embryos.
Twelve embryos out of twenty seven (44%) embryos, in which sqt+ cells were removed,
showed varying degrees of ventralization, ranging from cyclopia and breaks in the
notochord, to loss of dorsal and anterior neural structures and complete ventralization. By
morphological criteria, these embryos lacked dorsal structures such as hatching gland,
notochord and floor plate. The degree of ventralization was determined based on their
phenotypes. Class V1 embryos exhibited mild cyclopia with intact notochord and
properly formed somites. In class V2, embryos look more severe, where they exhibit
remaining of head structures, no notochord and abnormal posterior somites. In class V3,
these embryos exhibited no anterior neural structures or head, no notochord, abnormal
somites with expanded somites posteriorly. The most severe class was class V4 and
embryos in this class look grossly abnormal, they do not develop any head and
notochord, they exhibit little somite-like tissue but did not develop any other structures
(Kishimoto et al., 1997) (Fig 4.2 C and D). These phenotypes are similar to what Suresh
Jesuthasan and Uwe Strahle had observed upon microtubule depolymerization
(Jesuthasan and Strahle, 1997). Mizuno et al (1998), also observed comparable
phenotypes where they observed bisection of the early Goldfish and zebrafish embryos
develop as ventralized embryos(Mizuno et al., 1999; Mizuno et al., 1997). These
embryos showed varying degree of ventralization and they were further assessed for
ventralization by in situ hybridization for specific genes. Ventralized embryos are also
seen by over-expression of bmp2  mRNA in zebrafish embryos. BMP (Bone
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Morphogenetic Proteins) which are expressed ventrally act as an antagonist for dorsally
secreted proteins such as Chordin and Noggin (Sasai et al., 1994; Smith and Harland,
1992).
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Figure 4. 1 Schematic representation of blastomere ablation experiments
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Dorsally expressed proteins like Chordin and Noggin restrict the activity range of ventro
laterally expressed BMPs. This inhibits the signaling range of the BMPs and helps
specify ventrolateral mesoderm (Piccolo et al., 1996). Nodal proteins are also known to
interact directly with BMP proteins but the in vivo signaling mechanism is still elusive
(Yeo and Whitman, 2001). Nodal proteins are expressed dorsally in Xenopus and
zebrafish and play an important role in specifying dorsal mesoderm. Thus, localized
squint RNA by cleavage stages could be specifying dorsal signaling center and marks the
dorsal axis.
In contrast, in control experiments where the sqt+ cells were retained, 95% of the
operated embryos are morphologically normal, albeit small (Fig 4.2 B). These embryos
showed no morphological defects, with well-separated eyes and proper notochord. Thus,
majority of the embryos developed normally and did not manifest any morphological
defects. The localization of squint RNA marks dorsal by cleavage stages and this is
evident by blastomere ablation experiments. Thus, the squint RNA containing cells are
fated to form dorsal structures.
4.1.3 Analysis of shh and hgg1 expression in operated embryos
In zebrafish, sonic hedgehog (shh) (Ekker et al., 1995) is expressed in the ventral neural
tube, the floor plate and in the developing notochord at prim5 (24 hpf) stage, which is a
derivative of mesoderm. Sonic Hedgehog is a secreted glycoprotein and is responsible for
specification of floor plate and muscles during embryogenesis (Blagden et al., 1997;
Ingham and McMahon, 2001; Sampath et al., 1998; Schauerte et al., 1998). Mutations in
cyclops gene affect formation of the ventral neural tube and specification of the floor
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Figure 4. 2 Live embryo phenotypes of blastomeres ablated
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plate. Mutant embryos also display reduced shh expression in the ventral neural tube
(Sampath et al., 1997; Strahle et al., 1993; Tian et al., 2003). Expression of shh in the
midline indicates proper specification of the notochord and floor plate. The zebrafish
hgg1 gene encodes for cysteine type endopeptidase. Zebrafish hgg1 marks the anterior
most mesoderm called the prechordal plate mesoderm (Thisse et al., 1994). Mutations in
the squint locus affect expression of hgg1, these embryos show reduced or no expression
of hgg1 at the prim 5 stage (Tian et al., 2003). In zebrafish, shh and hgg1 mark the
derivatives of the dorsal mesodermal structures and are affected in Nodal signaling
pathway mutants.
Upon removal of sqt+ cells, expression of shh and hgg1 was reduced to absent. Forty
eight percent of embryos, in which sqt+ cells were removed have severely diminished or
no shh RNA expression (Fig 4.3 C and D), and do not express hgg1 RNA at all (Table
4.1).  Reduced or loss of expression of shh in the operated embryos indicated that the
dorsal structures are formed partially or they are not formed at all in these embryos.
Reduction of dorsal structures is evident in these embryos looking at their phenotypes. A
significant proportion of the embryos showed reduced shh expression and a proportion of
them also showed weak hgg1 expression, which results due to improper formation of
prechordal plate mesoderm. Over all they were divided in three classes, namely
shh+:hgg1+, shh+:hgg1- and shh-:hgg1-. None of the analyzed embryos (n=27) showed
shh negative but hgg1 positive cells. This is an interesting observation, which indicates
that shh positive midline specification gets affected first upon dorsal reduction. A certain
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Figure 4. 3 shh and hgg1 expression analysis in blastomeres ablated embryos
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proportion of embryos also exhibited anterior posterior truncations. We observed this at a
high frequency upon sqt+ removal than the control sqt-. Different levels of Nodal
signaling are required in the developing embryo to pattern the mesendoderm along the
DV axis. Alterations in shh and hgg1 expression domains in these embryos indicate a
reduction in the dorsal mesendodermal structures.
To confirm that the control embryos develop normally, they were subjected to in situ
hybridization for shh and hgg1 probes. Whereas all control dissected embryos express
both genes (n=19; Fig 4.3 B), in all the control-operated embryos, shh was expressed in
the midline, indicating that the ventral neural tube and notochord are properly specified,
whereas hgg1 positive cells marked the prechordal plate mesoderm. This data suggests
function for squint containing cells in dorsal specification. Ablation of these cells
specifically inhibited dorsal structures formation. In the control operated embryos,
removal of sqt- cells did not affect dorsal formation. Asymmetric localization of dorsal
determinants is known in zebrafish and related fish species and localized squint RNA
could be a component of that complex. Therefore, dorsal specification is initiated as early
as cleavage stages in zebrafish, with the cells containing localized maternal squint RNA
required for formation of dorsal structures.
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4.2 Squint is required for dorsal specification:
4.2.1 Injection of sqtMO into fertilized embryos
The best way to study loss of function phenotype for a given gene is by using null
mutations affecting the gene. However there are other approaches, which could generate
phenotypes similar to these seen upon loss of function experiments. In zebrafish and
Xenopus, injection of Morpholino antisense oligonucleotides is a common approach to
study loss of function of a gene. Morpholinos are short (25mer) oligonucleotides, which
act by binding to specific mRNA and inhibiting its translation. In certain cases,
morpholinos can bind unprocessed RNA and alter the splicing of that RNA if targeted to
an exon-intron junction. These antisense oligonucleotides carry modified backbone and
they do not act as siRNA. Thus, morpholinos do not alter mRNA levels but inhibit
protein synthesis.
Asymmetric localization of squint RNA marks the future dorsal side and the blastomeres
inheriting localized squint are required for dorsal structure formation. If maternal squint
RNA are required for dorsal specification, injection of morpholinos should result in
severely ventralized phenotypes as seen in case of blastomeres ablation experiments.
However, embryos injected with sqtMO exhibit phenotypes similar to that of zygotic
squint mutant embryos, which include anterior cyclopia and gaps or breaks in the
notochord. (Table  4.2). These embryos display reduction in the anterior prechordal plate
mesoderm, cyclopia, breaks in the notochord and reduced dorsal mesendoderm (Fig 4.4
B and D). The squint mutation has low penetrance and consistent with that, only a
fraction of sqtMO injected (60-70%) embryos display squint mutant phenotypes.
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(Feldman and Stemple, 2001). Three independent morpholinos showed similar
phenotypes. As a control, embryos injected with a four-base mismatch morpholino did
not manifest any phenotype. This indicates that the phenotypes observed were specific
and because of depletion of Squint.
These embryos were later subjected to in situ hybridization using shh and hgg1 probes to
label axial midline and prechordal plate mesoderm respectively. The majority of
embryos, showed reduced to absent hgg1 staining. High levels of Squint signaling are
required for specification of prechordal plate (Gritsman et al., 2000). Zygotic squint
mutants lack dorsal mesendoderm and they also fail to specify prechordal plate. This is
particularly interesting as injected morpholinos should deplete most if not all the Squint.
The observed phenotype is similar to zygotic squint mutants indicating that not all the Sqt
is depleted upon morpholino injection. The expression of shh was also altered in
morpholino injected embryos. As shh is expressed in the developing notochord and floor
plate, squint mutants fail to specify notochord completely and often show breaks or gaps
in the notochord. Similar gaps and breaks were seen in morpholino injected embryos as
well. The anterior shh expression domain in the forebrain is also absent in squint
morpholino injected embryos. Analysis of shh and hgg1 expression indicates these
embryos are not any more severe than zygotic squint mutants. This could be because of
partial depletetion of Squint in the embryos, raising the possibility that injection of
morpholinos into fertilized embryos does not inhibit all squint translation or that a small
pool of the squint RNA is inaccessible to the morpholinos. This is possible as many
localizing RNAs are coated with RNA binding proteins similarly, squint RNA may be not
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fully accessible to morpholinos for the binding. Thus, injection of squint morpholinos
into fertilized embryos does not deplete Squint completely.
4.2.2 Injection of sqtMO into mature oocytes
Functions of maternally expressed molecules in DV axis specification has been long
lasting question in Xenopus. Different researchers used various techniques to deplete
maternally expressed genes in Xenopus. Amongst those techniques, injection of antisense
oligonucleotides into developing embryo was effective but still not all the maternal RNAs
were depleted by this method. Shuttleworth J. and colleagues in 1988 showed that
injection of antisense oligos into Xenopus embryos to deplete maternal transcripts is less
effective compared to injections into oocytes (Shuttleworth and Colman, 1988). Holwill
S. et al used a modified technique in which they matured the oligo injected oocytes by
hormones and then transferred them back to the peritoneal cavity of the surrogate female.
They found that embryos developed from these oocytes showed more severe and
consistent phenotypes (Holwill et al., 1987).
Recent studies in Xenopus have shown that injection of antisense oligonucleotides
targeting maternal wnt11 transcripts into oocytes results in more severe phenotypes than
that seen upon injection into fertilized embryos (Tao et al., 2005). Injection of sqtMO
into fertilized embryos showed phenotypes similar to zygotic squint mutants and this
could be because the injection leads to partial depletion of the squint transcripts. Data
from Xenopus suggests that maternal RNA are targeted better if the antisense oligos are
injected into mature oocytes before fertilization.
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To test if maternal squint is required for dorsal specification, I injected three non-
overlapping antisense morpholino oligonucleotides targeting squint into zebrafish
oocytes.
Mature zebrafish females were anesthetized using 1X Tricaine. Mature oocytes were
obtained by squeezing the belly gently. Mature oocytes were maintained in 0.5% BSA in
full strength Hank’s solution. Oocytes were arranged on agarose ramps and injected with
the cocktail of morpholino oligo nucleotides and rhodamine dextran. After injection,
oocytes were collected and fertilized in vitro using fresh sperm suspension. After
fertilization, oocytes were cultured in Danieau’s solution. The rhodamine positive
oocytes were used for the analysis.
Seventy seven percent of fertilized embryos from the morpholino-injected oocytes
(n=272 for sqtMO3) manifest phenotypes, of which 44% are more severe (Fig 4.4 C and
G) than that seen upon injection of squint morpholinos into fertilized embryos (n=174)
(Fig 4.4 B and F) or zygotic squint mutant embryos (Feldman et al., 1998; Feldman and
Stemple, 2001). The phenotype was observed with three non-overlapping morpholinos
towards squint, but not with control squint mismatch morpholinos. The phenotypes
observed in these injected embryos were severe compare to zygotic squint mutant
phenotypes. The embryos injected with squint morpholinos into oocytes showed similar
phenotypes as observed in case sqt+ blastomere ablation experiments. To investigate
these ventralised phenotypes I scored embryos at 16-somite stage. I observed that these
embryos develop with reduced dorsal structures. The morpholino injected embryos
showed varying degrees of ventralization from zygotic squint looking embryos (V1
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Figure 4. 4 sqtMO injections into oocytes develop ventreralised embryos
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Class) to much severe ventralized phenotypes (V5). The scored phenotypes were
classified for ventralization in V1 to V5 classes (Table 4.2).
To investigate the degree of ventralisation caused by sqtMO injections into oocytes, shh
and hgg1 in situ hybridizations were performed on these embryos at 16-somite stage. In
sqtMO3 injected oocytes 8% of the ventralized embryos failed to express shh and hgg1 at
all. These were primarily class V3 and V4 embryos, with a lack of notochord, fused
somites and absent anterior neural structures. A class of embryos showed absent hgg1
staining but altered shh staining. These embryos were of the mild ventralization class and
they had some notochord specified but failed to specify any prechordal plate (Table 4.2).
The phenotypes observed were very severe compare to phenotypes seen after injection of
squint morpholinos into fertilized embryos. This is consistent to what has been seen in
Xenopus, where maternal transcripts are depleted much better when oligos are injected
into oocytes. This might be true for squint transcripts as well in zebrafish. Three non-
overlapping morpholinos showed similar phenotypes (Table 4.2). However the
mismatched control morpholino never showed any phenotype that distinguished them
from uninjected controls. The injection procedure showed a proportion of embryos that
were arrested in development, but that was seen with all the morpholinos injected.
Injections into oocytes followed by in vitro fertilization appears to be a promising
technique to investigate role of maternally supplied RNAs in zebrafish. The results
indicate that morpholino injections into mature oocytes target maternal squint RNA,
where injections into fertilized embryos most probably targets zygotic squint RNA. This
is possible as injections into fertilized embryos showed phenotypes similar to zygotic
squint mutants, where injections into oocytes showed reduction into dorsal structures.
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Thus, injection of morpholinos into oocytes revealed a new role for maternal Squint,
which is in dorsal axis specification. This is particularly of interest as Squint could be one
of the molecules of the dorsalising complex. Thus, maternally supplied and localized
squint RNA plays a role in dorsal axis specification in zebrafish embryos.
4.2.3 b-catenin independent localization of squint RNA
Maternal Wnt signalling is important for organizer formation and dorsal specification in
frogs and fish (Bellipanni et al., 2006; Kelly et al., 2000; Sokol, 1999; Weaver and
Kimelman, 2004).  Embryos from mothers homozygous for mutations in the maternal
effect gene ichabod (ich) manifest dorsal deficiencies, and fail to localize b-catenin in
dorsal nuclei (Bellipanni et al., 2006; Kelly et al., 2000).  This dorsal deficit and lack of
dorsal nuclear b -catenin is due to an impairment of maternal expression of a
second b-catenin gene, b-catenin2, which maps in proximity to the ich mutation, and
which is required for establishment of the early dorsal signalling centre (Bellipanni et al.,
2006). To determine if squint RNA localization is dependent on b-catenin function, we
injected fluorescent squint RNA into embryos from homozygous ich mutant mothers.
The fluorescent squint RNA is localized in ich mutant embryos (Gore et al., 2005).
Therefore, localization of maternal squint RNA is either upstream of or parallel to the b-
catenin pathway.  Furthermore, injection of full-length squint RNA with its 3’UTR in ich
embryos results in rescue of the mutant phenotypes.  Whereas >60% of un-injected ich
mutant embryos are completely ventralized, and nearly 40% are severely ventralized, less
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than 20% of sqt+RNA injected ich embryos are strongly ventralized, and 13% show
complete rescue of the mutant phenotypes.  Consistent with the zygotic function of
squint, injected squint RNA rescues dorsal structures in ich mutant embryos, but does not
rescue nuclear accumulation of b-catenin (Gore et al., 2005; Kelly et al., 2000).
Therefore, localization and function of maternal squint RNA are independent of b-
catenin.
4.2.4 Squint donor site morpholinos selectively block RNA
processing
The morpholinos used in this analysis were designed to target squint at different sites of
the transcripts. The start codon blocking morpholino is thought to block maternal and
zygotic squint translation (Feldman and Stemple, 2001). The other two morpholinos are
against the donor sites of introns I and II. These morpholinos bind the donor site of exon-
intron boundary of introns I and II, respectively. Draper, B and colleagues showed that
donor site morpholinos selectively alter the processing of the hnRNA into mature mRNA.
This altered splicing can be detected by RT-PCR experiments (Draper et al., 2001). To
check whether the splicing is altered in squint morpholino injected embryos, I isolated
RNA from the embryos at 30% epiboly and processed them for RT-PCR to detect
splicing. I found that injection of squint donor morpholino II generates two aberrantly
spliced mRNAs of two different sizes. Sequencing of the variant cDNAs showed that the
longer product is a result of unspliced intron II. The shorter product is generated by
eliminating the targeted donor site and utilizing a cryptic donor site in the squint mRNA.
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Both the variants generate an in frame stop codon, eliminating majority of the mature
domain of the protein.
4.2.5 Unprocessed squint transcripts in mature oocytes
Donor site morpholino injections most probably alter the reading frame of zygotically
expressed squint RNA. However, when these morpholinos were injected into oocytes,
embryos developed from these injections also showed more severe phenotypes. To
investigate whether unprocessed squint RNA is maternally supplied. I carried out RT-
PCR experiments on RNA isolated from total ovary and single mature oocyte.
Surprisingly, I could detect unprocessed squint RNA in ovaries and in single oocytes (Fig
4.5 B). The amount of unprocessed squint RNA is lower than processed squint RNA as
more PCR cycles were required to detect unprocessed form (Fig 4.5 B). I could clearly
detect two bands in the PCR, a higher molecular weight band representing unspliced
intron II and a shorter product from processed squint RNA running lower. The PCR
fragments were subsequently confirmed by sequencing. In all the PCRs, the positive
control genomic DNA always amplified the longer band. All the –RT controls were
negative. I could detect unprocessed longer fragment squint RNA from the cDNA
generated using random hexamer but could not detect from oligo d(T) based cDNA. This
is interesting as oligo d(T) primed cDNA represents mostly polyadenylated RNA.
Therefore, the unspliced squint RNA is not polyadenylated and the unprocessed non-
polyadenylated squint RNA
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Figure 4. 5 RT-PCR results showing presence of maternal unspliced squint
transcripts
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can only be detected in reverse transcription reactions using random hexamer primers.
Differential polyadenylation is known for wnt11 RNA in Xenopus oocytes (Schroeder et
al., 1999). Cytoplasmic polyadenylation is not uncommon and many maternally localized
RNAs are known to undergo cytoplasmic polyadenylation (Wickens et al., 1997). The
unprocessed squint RNA apparently has a significant role in specifying dorsal axis,
because oocytes injected with donor site morpholinos generate ventralized embryos with
higher frequency. It is important to investigate at what stage during development the
RNA gets processed and whether this processing and polyadenylation is an important
step in the translational control of squint. This will shed light on post-transcriptional
control of squint RNA by splicing and cytoplasmic polyadenylation of maternal squint
RNA. Hence, morpholino injections that block splicing of sqt provided useful insights to
study maternal Sqt function in dorso-ventral axis specification.
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4.3 Discussion:
The mechanism of squint RNA localization during cleavage stages of zebrafish generates
a bias in the embryo with respect to the DV axis. This is particularly important as
polarization subsequently leads to formation of the DV axis. Maternally deposited
molecules regulate DV axis specification in zebrafish and in Xenopus oocytes and
embryos. Localization of Squint is of particular interest since squint RNA is the first
known zebrafish TGF-b related molecule, which is localized during early embryogenesis
and may specify the DV axis. Squint could be one of the components of the dorsalising
complex. The embryos from blastomeres ablation experiments indicate that upon ablation
of sqt+ blastomeres these embryos become ventralized. This could be because blastomere
ablation leads to removal of the entire dorsalising complex, which is localized by 4-, 8-
cell stage. Localization of squint RNA was one of the means to mark that complex. It is
still unclear which proteins make up the dorsalising complex. Though some molecules
like Squint have been identified, majority of the other components are still unidentified.
The dorsalising complex is probably assembled very dynamically during the first few cell
divisions. It is still not clear how the dorsalising complex is assembled and disassembled.
As the complex localizes to two blastomeres by 4- and 8- cell stage, what factors are
responsible for the localization is still a question. There could be factors from the cell
surface like PAR proteins attracting the complex to localize on one side of the embryo.
Other possibilities include signals within the embryo such as the polarity of the
microtubules, which may help localize the dorsalising complex to one side. None of these
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possibilities have been investigated in zebrafish and the direction of the future work is to
understand the mechanisms of asymmetric localization in more detail.
Identification of different maternal mutants is particularly useful to address these
questions more carefully. The movement of dorsalization complex is microtubule
dependent. So far, none of the motor proteins are identified for this transport. In Xenopus
eggs kinesin motor proteins are required for movement of dishevelled, GSK3 and GBP
proteins to the future dorsal side (Weaver et al., 2003).
In Xenopus embryos, maternal Wnt11 signaling and the subsequent stabilization of b-
catenin is required for dorsal axis specification (Tao et al., 2005). Maternal b-catenin
signaling is also reported to control zebrafish DV axis specification. Embryos from the
zebrafish maternal effect ichabod mutants fail to form any dorsal axis, and show
expansion of ventral gene expression (Bellipanni et al., 2006; Kelly et al., 2000).  Like
Xenopus, the zebrafish dorsal axis is also marked by nuclear accumulation of b-catenin
(Dougan et al., 2003). MZichabod embryos fail accummulate b-catenin to dorsal nuclei.
This has been also observed in embryos treated with microtubule depolymerizing drugs.
The dorsal defects in MZichabod embryos are rescued by injection of Wnt signaling
pathway molecules, indicating that apart from maternal TGF-b signaling, maternal Wnt
signaling is also required for dorsal axis specification in zebrafish.  Depletion of maternal
Squint by morpholinos results in ventralized embryos similar to MZichabod embryos.
Perturbation of any one of these maternal pathways leads to a reductions in the dorsal
axis. Both Wnt and TGF-b signaling pathways are essential and have over-lapping
functions in dorsal axis specification. However, in the absence of one, the other might be
compensating for it. Injection of synthetic squint mRNA into MZichabod embryos
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rescues dorsal defects partially indicating Squint might be acting downstream of ichabod.
Nevertheless, this over-expression likely compensates for the lack of endogenous zygotic
squint expression. Consistent with the zygotic function of Squint, we observed that
injected squint RNA rescues dorsal structures in ichabod mutant embryos. Squint is
known to auto-regulate its own expression, and maternal Squint might be controlling
zygotic squint expression along with nuclear accumulation of b-catenin. This leads to the
possibility that maternal Squint, by acting upstream regulates nuclear accumulation of b-
catenin and the expression of zygotic squint, which regulates dorsal axis formation. A
homeobox containing protein Bozozok/Dharma acts downstream of b-catenin and over-
expression of squint or dharma rescues dorsal defects in ichabod mutant. This raises
another possibility where maternal Squint controls other downstream targets of b-catenin
as well.  Localized maternal squint RNA may be a crucial factor that generates a bias in
the zebrafish embryo and initiates dorso-ventral axis specification. Based on these results,
one could postulate that maternal Squint, along with maternal Wnt signaling, regulates
dorsal axis formation.
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 Table No. 4.1






   wt V1 V2 V3 V4 others
sqt+
blastomeres
removed 27     0 1 4 1 6 15 14 6 7
sqt-
blastomeres
removed 19    18 0 0 0 0 1 19 0 0




sqt MO Injections in Embryos
n WT (%) sqt (%) Arrested (%)
Uninjected 324 97.53 0.92 1.54
Con MO 181 100 0 0
sqt MO1 256 32.10 67.90 0
sqt MO2 100 54 46 0
sqt MO3 174 26.50 73.50 0






















Uninjected 324 97.53 0.92 0 0 0 1.54 99.38 0.6172 0
Con MO 129 84.49 3.10 0 0 0 12.40 89.92 6.20* 3.87*
sqt MO1 96 26.04 48.95 14.58 4.16 1.04 5.20 36.45 61.45 2.08
sqt MO2 96 35.41 30.20 8.33 15.62 2.08 8.33 34.37 51.04 14.58
sqt MO3 272 16.17 43.38 9.92 16.54 7.35 6.61 33.45 59.19 7.35
* arrested embryos
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5 Chapter V: Discussion
5.1 Localization of squint mRNA:
In order to restrict Squint function to the future dorsal side of the zebrafish embryos,
several control mechanisms may operate in concert, for instance, asymmetric RNA
localization, regulation of RNA stability, RNA processing and translation. Some of these
mechanisms are discussed below.
5.1.1 Dynamic process of squint mRNA localization
The future dorsal axis in the zebrafish embryo can be identified by nuclear accumulation
of b-catenin at the 128-cell stage (Dougan et al., 2003). Nuclear accumulation of b-
catenin is also observed in Xenopus embryos (Schneider et al., 1996). This event is the
earliest known step in the specification of the dorsal axis in zebrafish embryos. However
asymmetric activation of p38 a member of the MAP kinase family, required for
synchronous cleavage, is thought to control the initiation of the dorsalising signals and is
also considered one of the early markers of the dorsal axis in zebrafish embryos (Fujii et
al., 2000 7). I found that asymmetrically localized squint transcripts mark the future
dorsal axis by the 4-, 8- cell stage, prior to nuclear b-catenin accumulation the earliest
marker for identification of dorsal axis in zebrafish embryos. However, I found that only
67% of the embryos show localized squint RNA, and the remaining embryos show
uniform distribution of the squint RNA during cleavage stages. In quantitative RT-PCR
experiments, I could always detect constant squint RNA levels through out early cleavage
stages. This indicates that squint RNA is present through all these stages but is not
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detected efficiently by in situ hybridization. It is possible that conventional colour
substrate based detection may not be as sensitive as fluorescent in situ hybridization or
methods which have a signal amplification step, which may enhance detection of
localized squint RNA in early cleavage stages. The other possibility is that in 33% of the
embryos, squint RNA does not localize asymmetrically for reasons yet to be known. This
raises interesting questions regarding squint RNA localization.
Following these observations one could predict different models for the localization of
squint RNA.
Squint RNA could be transported with sub-cellular organelles such as the endoplasmic
reticulum or the golgi complex and the position of these subcellular structures influences
the localization of squint RNA. It has been shown that the mitochondrial cloud, a
subcellular structure, plays an important role in RNA localization in Xenopus and
possibly in zebrafish during oogenesis (Heasman et al., 1984; Kloc and Etkin, 1995; Kloc
and Etkin, 2005; Kloc et al., 2002)(K. Sampath unpublished data). Localizing RNAs are
also known to travel along with the endoplasmic reticulum in Xenopus oocytes (Chang et
al., 2004). A similar process may operate during early embryogenesis and may be
required for proper squint RNA localization. Mislocalization of these subcellular
structures may lead to uniform distribution of squint RNA.
Another possibility is a “trap and localize” mechanism during early embryogenesis. In
this model, ubiquitously present squint RNA in stage V oocytes starts streaming towards
the animal pole. During this transport, a proportion of squint RNA is trapped by the
localization machinery that selectively localizes squint RNA. If the machinery fails, then
the RNA is translocated by bulk flow and remains uniformly distributed in the cleavage
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stages. Anchoring of the RNA to the right position would require proteins cross-linking
with the actin and microtubule cytoskeleton. By in situ hybridization, I could detect the
localized squint RNA. The remaining unlocalized RNA may be present in such a low
quantity that it is hard to detect by in situ hybridization.
In Zebrafish, dead end RNA is a component of the germplasm. The germplasm in
zebrafish segregates by the 4-, 8- cell stage and is localized to the cleavage furrow at
these stages (Raz, 2003). In embryos up to 512- cell stage, a large fraction of dead end is
still present in the somatic cells and is not localized. Only after this stage, the RNA starts
to disappear from somatic cells and is detected exclusively in the germplasm (Weidinger
et al., 2003). Exclusion from the somatic cells is thought to be due to the selective
degradation of dead end RNA in the somatic cells. For squint RNA, my real time RT-
PCR results argue against such a mechanism, because squint RNA levels appear constant
through-out cleavage and early blastula stages.
Mechanisms governing the localization of endogenous RNAs can often be different from
those governing localization of exogenously introduced counterparts. In Drosophila
oocytes, injected fluorescent bicoid RNA moves on microtubules to the closest cortical
surface. However, if the RNA is injected first in nurse cells, withdrawn, and re-injected
into the oocyte, bicoid RNA moves to the anterior side, similar to endogenous bicoid
transcripts. This is because Exu proteins in the nurse cells interact with the bicoid RNA
and this interaction is important for the proper localization of bicoid RNA to the correct
anterior destination. This indicates that the direction of the mRNA transport along the
microtubules depends on the proteins bound to the RNA cargo (Arn et al., 2003; Cha et
al., 2001).
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The proteins that bind squint RNA are not known yet. In fact, very few RNA binding
proteins have been identified in zebrafish so far. One such RNA binding protein, Zorba,
is present during oogenesis. zorba encodes a homologue of the Drosophila Orb and
Xenopus CPEB RNA-binding proteins. In Drosophila, orb mutants develop oocytes that
are abnormally polarized along the DV and AP axes. In zebrafish stage I oocytes, Zorba
protein is present ubiquitously and only in late stage II or early stage III, Zorba protein
starts localizing to the animal pole of the oocyte. Zorba protein localization is similar to
zorba mRNA localization during oogenesis (Bally-Cuif et al., 1998).
5.1.2 Translational control of squint RNA
RNAs specifically localized to germ cells are regulated post-transcriptionally in
zebrafish. Translation of vasa RNA is specifically down-regulated in somatic cells and
maintained in germ cells (Wolke et al., 2002). Maternal mRNAs of two other germ
lineage specific genes, nanos1 and dead end, are also known to be regulated post
transcriptionally (Koprunner et al., 2001; Weidinger et al., 2003). However, little is
known about proteins involved in the translational regulation of these localized RNAs.
Although squint 3’ UTR localizes squint transcripts to the future dorsal side, it may have
other functions. This is particularly fascinating since over-expression of squint RNA
leads to hyperdorsalization in embryos. Many localized RNAs are translationally
suppressed until they are correctly localized (Riechmann and Ephrussi, 2001). To
produce proteins at the right time, localized mRNA must be translationally silent not only
during transport but also at their final destination until the protein product is required. It
is possible that the squint 3’ UTR may play a role in regulating squint translation. In
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Xenopus, Vg1 RNA undergoes 3’ UTR mediated translational repression before its
localization in the oocytes (King et al., 1999). Differential polyadenylation at different
sites in the Vg1 3’ UTR is also known to regulate its translation (Kolev and Huber, 2003).
A similar mechanism may exist for squint RNA localization. RT-PCR results using a
random hexamer primed cDNA template showed that unprocessed squint RNA is present
in zebrafish oocytes. However, it is still not clear when the unspliced and
unpolyadenylated squint transcripts are processed during embryogenesis. The
unprocessed form of squint RNA present in the oocyte is detected by RT-PCR using
random hexamer primed cDNA. This indicates that the squint unprocessed transcripts are
very likely not polyadenylated. The presence of both processed and unprocessed forms of
transcripts also raises the possibility that squint RNA localization is highly complex and
may involve multiple processes like RNA processing and translational control. In
addition, during the early translocation from the yolk cell to the blastoderm, squint RNA
is detected in the form of aggregates (Gore and Sampath, 2002). Studies from Drosophila
and Xenopus indicate that localized RNAs form granules during their transport and may
be translationally suppressed to prevent inappropriate protein synthesis (Lopez de
Heredia and Jansen, 2004). Different mRNAs are known to localize to the animal pole
during oogenesis, including transcripts of the Nodal signaling pathway molecules
(Howley and Ho, 2000; Pogoda et al., 2000). RNA molecules are known to form
secondary structures by which they interact with RNA binding proteins to form an RNA-
Protein complex. In the squint 3’ UTR, the minimal essential sequence required for its
localization is present within the first fifty bases from the stop codon. The primary and
secondary structures of the squint 3’UTR and the proteins interacting with it are still
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unknown. The 3’ UTR of squint RNA may play a role in these processes and further
investigation will help understand the mechanisms of squint RNA localization.
5.1.3 Events prior to localization
The presence of un-spliced and un-polyadenylated squint transcripts in mature oocytes
indicates that processing of squint RNA takes place in the cytoplasm of the cell. The
events preceding RNA localization are also important in determining the fate of the RNA
including mRNA stability, transport, association with RNA binding proteins and
translational ability of the RNA. Studies on RNA localization in Drosophila and Xenopus
indicate that localization of RNAs depends not only on the cis-acting elements within the
RNA but also on the availability of the proteins they interact. Recent studies on oskar
RNA localization in Drosophila oocytes indicate that the unprocessed form of oskar
RNA is required for the correct localization of oskar transcripts to the posterior end of the
oocyte (Hachet and Ephrussi, 2004). The unprocessed form of oskar RNA along with its
introns, bind to RNA splicing machinery at the exon-intron boundary. This assembly
takes place in the nucleus and is essential for the posterior localization of oskar RNA to
the posterior end of the oocyte (Hachet and Ephrussi, 2004). Splicing of the introns also
deposits a stable protein complex upstream of the RNA exon-exon junction. RNA-protein
complexes, apart from RNA localization, also serve as factors responsible for nonsense
mediated mRNA decay in Drosophila and Xenopus (Wagner and Lykke-Andersen,
2002). So far, no such event have been identified in zebrafish. The presence of unspliced
squint RNA in oocytes suggests that similar mechanisms may be operating for squint
RNA localization. Future investigation of the unprocessed squint RNA in oocytes will
help understand this mechanism better.
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5.1.4 Conserved steps in RNA localization in zebrafish and other
model organisms
RNA localization and polarization of an oocyte or embryo is a well conserved
phenomenon observed in many organisms. However, very little is known about the
mechanisms of RNA localization in zebrafish oocytes and embryos. In many organisms,
localization of RNAs is dependent on the interactions of cis-acting sequences, generally
present in the UTR of the RNA, with multiple RNA binding trans-acting factors to form
functional RNP complexes. This study draws a parallel between the mechanisms of RNA
localization in other model systems and the importance of cis-acting elements within the
UTR. The formation of a functional RNP complex has been observed for different RNAs
including Vg1 RNA in Xenopus, gurken and bicoid RNAs in Drosophila (Arn et al.,
2003; Goodrich et al., 2004). In zebrafish, components of the germplasm, such as nanos
and vasa, also segregate during early embryogenesis and require their 3’ UTRs for
localization (Raz, 2003). The actin and microtubule cytoskeleton network also play a
crucial role in RNA localization. Evidence for their importance comes from studies
including some in zebrafish. Many RNA binding proteins have been identified in
Drosophila and Xenopus. Several of these proteins are conserved between vertebrates and
invertebrates. Originally identified in Drosophila, the RNA binding protein, Staufen, is
required for kinesin dependent localization of oskar and bicoid mRNAs (Schnorrer et al.,
2000). The Xenopus homolog of Staufen is part of an RNP-containing Vg1 RNA
complex. Over-expression of mutant forms of Staufen can block RNA localization in
Xenopus oocytes (Yoon and Mowry, 2004). In Zebrafish embryos, Staufen proteins bind
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zebrafish Vg1 and nanos mRNAs, confirming a highly conserved role for Staufen protein
in RNA localization and oocyte polarization (Ramasamy et al., 2006).
5.1.5 Role of other localized RNAs in anchoring squint RNA
Unequal distribution of mRNAs within cells or embryos is crucial for proper cell type
differentiation and embryonic development. In Xenopus, Vg1 and VegT RNAs are
localized to the vegetal hemisphere of oocytes. VegT is also required for the localization
of other maternal mRNAs and depletion of VegT causes disruption of all the other
localized RNAs and their functions. Depletion of VegT reduces both VegT and Vg1
protein levels (Heasman et al., 2001). Not all localized RNAs play direct functions in cell
type specification. In addition, a recent study by Kloc et al indicates that non-coding
localized RNAs can also play an important role in cell type specification and embryonic
development. In Xenopus oocytes, transcripts of the non-coding RNA Xlsirts are required
for the proper anchoring of the Vg1 RNA to the vegetal cortex by using the cytokeratin
network. Disruption of this non-coding RNA leads to the disruption of the cytokeratin
network and in turn affects the development of the germ line (Kloc et al., 2005). This
study indicates a potentially important role for non-coding RNAs in forming a stable
cytoskeleton architecture for localizing RNAs and forming specific cell types. Such a
mechanism has still not been identified in zebrafish. There could be non-coding RNAs
that are potentially required for proper squint RNA localization and disruption of these by
any means could affect squint RNA localization.
Since squint RNA is the first identified dorsal specific RNA in the zebrafish, it will be
interesting to investigate other maternally expressed RNA that exhibit similar spatial
distribution. The mechanism for squint RNA localization to the dorsal cells could be
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conserved for other RNAs and proteins involved in dorsal axis formation. Future
investigation on the localization of Squint and related molecules will answer some of the
questions pertaining to dorso-ventral specification.
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5.2 Function of Squint in dorsal specification:
The animal-vegetal axis of the zebrafish embryo can be identified during oogenesis. A set
of asymmetrically localized RNAs mark the AV axis of the oocyte. The dorso-ventral
axis of the zebtafish embryo is specified by maternally supplied factors after fertilization.
Apart from maternally expressed molecules zygotically expressed TGF-b related
molecules, along with the Wnt and FGF signaling pathways, pattern the DV axis during
embryogenesis (Schier and Talbot, 2005).
5.2.1 Role of Squint in early embryonic development
Zebrafish squint was identified as a spontaneous recessive lethal mutation (Heisenberg
and Nusslein-Volhard, 1997). The squint locus codes for a Nodal-related molecule
(Feldman et al., 1998). The gene is expressed maternally and zygotically, and is required
for mesendoderm formation in embryos (Erter et al., 1998; Rebagliati et al., 1998a).
There are two alleles that affect the squint locus, sqtcz35 and sqthi975, both of which are
insertional alleles caused by a random insertion and a retroviral insertion, respectively
(Feldman et al., 1998; Golling et al., 2002). The mutations are embryonic lethal and 5 to
15% of squint mutants die by four days post fertilization (Aoki et al., 2002; Poulain and
Lepage, 2002; Sirotkin et al., 2000a). Squint is a typical TGF-b molecule, and has three
domains, the leader peptide, the pro-domain and the mature domain.
Studies focusing on the functional analysis of Squint were done using RNA over-
expression and by using squint mutants alone or in combination with other mutations
affecting members of the Nodal signaling pathway (Chen and Schier, 2001; Dougan et
al., 2003; Feldman et al., 1998; Shimizu et al., 2000; Sirotkin et al., 2000a). Zygotic
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squint mutants lack endoderm and fail to specify any dorsal mesoderm. Squint is also
known to regulate gastrulation movements during embryogenesis by antagonizing the
Leftys (Feldman et al., 2002). These embryos also have cyclopia due to a reduction in the
prechordal plate mesoderm, and exhibit breaks or gaps in the notochord due to a reduced
dorsal mesoderm (Dougan et al., 2003; Feldman et al., 2000; Heisenberg and Nusslein-
Volhard, 1997; Sirotkin et al., 2000a). Squint RNA over-expression causes expansion of
the dorsal and mesendodermal structures (Erter et al., 1998; Rebagliati et al., 1998a).
These studies suggest that Squint is required primarily for dorsal mesendoderm
specification. The other two nodal-related genes in zebrafish, cyclops and southpaw, are
required for floor plate formation and establishment of left-right asymmetry respectively
(Long et al., 2003; Rebagliati et al., 1998b; Sampath et al., 1998; Schier and Shen, 2000).
Squint functions as a morphogen and acts in a concentration dependent fashion to turn on
downstream genes (Chen and Schier, 2001). At high concentrations, Squint induces
prechordal plate fates and at low concentrations, it induces chorda-mesodermal fates
(Chen and Schier, 2001; Gritsman et al., 2000). The morphogenic activity of the Squint
protein is regulated by a set of antagonists called Leftys. Loss of Lefty function in
zebrafish embryos expands the squint expression domain and affects gastrulation (Chen
and Schier, 2002; Feldman et al., 2002).
We find that ablation of squint containing blastomeres or injection of squint morpholinos
into mature oocytes generates ventralized embryos. The phenotypes are more severe than
zygotic or maternal zygotic squint mutants (Aoki et al., 2001; Dougan et al., 2003;
Feldman et al., 2000). Squint is an important molecule required for germ layer formation
and cell fate specification. However, both squint mutant alleles do not generate
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ventralized embryos, raising the possibility that these squint mutants are not null alleles.
The squintcz35 mutation is not fully penetrant and from matings of squint heterozygous
carriers, only 5 to 15% of the embryos exhibit the squint mutant phenotypes (Poulain and
Lepage, 2002). This shows the weak expressivity and low penetrance of the squint
mutation. It is possible to raise some squint mutant escapers to adulthood and generate
MZsquint mutants. However, the MZsquint mutants do not differ phenotypically from Z
squint mutants, except that they exhibit a more severe phenotype in forebrain patterning
(Aoki et al., 2002; Mathieu et al., 2002). This is possible if maternal Squint has redundant
functions with the zygotic Squint. Along with Squint, Cyclops is also expressed
maternally (K. Sampath, Unpublished data) and is known to have redundant functions
with Sqt in the embryo (Dougan et al., 2003; Feldman et al., 1998). cyc expression is
initiated in squint mutants, but is reduced or absent in the dorsal margin at 5 hpf, and
later, the level of cyc expression is lower than wild type embryos in the dorsal midline
(Dougan et al., 2003). Despite the absence of dorsal mesendodermal structures in squint
mutant embryos at early stages, many squint mutants develop proper dorsal
mesendodermal structures including notochord and survive to adulthood. This recovery
of the mesendoderm in squint mutants may be dependent on Cyc function and cyc
activity can compensate for loss of squint function. However, as squint mutants do not
express the same levels of cyc as in WT embryos, this observation does not support the
idea of Cyc function fully compensating for Sqt in squint mutants (Dougan et al., 2003).
Cyclops and Squint differ in their activities and it is unlikely that the lower levels of
Cyclops activity in squint mutants compensates for Squint function and rescues the
mesendoderm defects. In addition to Squint, a number of other proteins play key roles in
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the development of dorsal mesendoderm. Some of these proteins are also expressed
maternally and zygotically. Studies from Xenopus and zebrafish suggest that maternally
expressed Vg1 has an important role in dorsal specification (Birsoy et al., 2006;
Dohrmann et al., 1996). Apart from Vg1, the Activin and Derriere-related proteins also
act in dorsal specification, and may be compensating for Sqt function in squint mutants
(Agius et al., 2000; Dohrmann et al., 1996; Gritsman et al., 1999; Wittbrodt and Rosa,
1994). Another dorsal protein is encoded by the locus bozozok. Bozozok (Boz; also
known as Dharma and Nieuwkoid) is a homeobox containing protein and a direct target
of b-catenin. Immediately after MBT, boz is expressed in the dorsal YSL and marginal
cells. Prechordal plate, notochord and anterior forebrain are variably disrupted in boz
mutants indicating that Boz functions in dorsal mesendoderm formation (Fekany et al.,
1999; Koos and Ho, 1999; Yamanaka et al., 1998). However, by genetic analysis, it is
clear that Boz and Sqt act in parallel and have overlapping roles in specifying dorsal
mesoderm (Shimizu et al., 2000; Sirotkin et al., 2000a). More supporting evidence comes
from studies in Xenopus, where Xnr1 and Xnr2 over-expression can rescue dorsal axial
structures in UV-ventralized embryos, indicating that formation of the dorsal organizing
centre in zebrafish and Xenopus require a complex network of different molecules,
including members from Wnt and TGF-b signaling pathways (Jones et al., 1995). Thus,
this raises the possibility that the rescue of the dorsal mesendoderm defect in squint
mutants is due to the squint insertion mutants not being true null alleles. Alternatively, an
unknown parallel signaling mechanism may compensate for it or there might be other
molecules present in the embryo having conserved functions.
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In both squint alleles, the insertions are in the pro-domain of the Sqt protein (Feldman et
al., 1998; Golling et al., 2002). These insertions most probably generate Squint protein
with a partial pro-domain. In the canonical TGF-b signaling pathway, it is thought that
the mature domain, after the proteolytic cleavage site, is the functional domain that
interacts with other TGF-b molecules and binds to the receptor complex. However, recent
data from Xenopus tropicalis suggests that the pro-domain of Nodal-related molecules
also plays a role in early embryonic development by inhibiting BMP and Wnt signaling
pathway molecules (Haramoto et al., 2004; Onuma et al., 2005).
Another approach to understand Squint function is to block squint translation by
morpholino antisense oligonucleotides. Injection of squint morpholinos into WT embryos
at the one cell stage generates embryos with phenotypes similar to zygotic squint
mutants. However, similar to squint mutants, the morpholino-injected embryos show
partially penetrant phenotypes. This is not surprising since maternal squint RNA forms
aggregates during translocation which could constitute RNA-Protein complexes that
prevent binding of morpholinos to the target site and lead to partial knockdown of Sqt.
5.2.2 Squint signaling independent of Oep
In zebrafish, Nodal signaling is thought to be dependent on the EGF-CFC type co-
receptor One-eyed pinhead (Oep) (Gritsman et al., 2000; Gritsman et al., 1999; Schier
and Shen, 2000). In support of this, MZoep mutants show similar defects as that seen in
cyc:sqt double mutant embryos. Over-expression of cyclops or squint RNAs in MZoep
mutants does not induce any target genes in 50% epiboly embryos. In contrast,over-
expression of activin mRNA shows expansion of dorsal structures in MZoep mutants
(Gritsman et al., 1999). This has led to the notion that Oep is an essential component of
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the Nodal signaling pathway. In cyc:sqt double mutant embryos, dorsal expression of gsc
is initiated but not maintained (Dougan et al., 2003). Similar to this, in MZoep mutant
embryos, dorsal expression of gsc and flh is initiated but subsequently strongly reduced
(Gritsman et al., 1999; Sun et al., 2006). The pan-mesodermal marker ntl is also
expressed laterally and ventrally in MZoep embryos, but is absent on the dorsal side
(Gritsman et al., 1999). This early expression of dorsal markers in MZoep embryos may
have resulted from other signaling pathways. Another possibility is that the dorsal
induction of gsc and flh is an Oep-independent maternal Nodal function and the
expression of these genes on the dorsal side is maintained via Oep dependent Nodal
signaling. This raises the issue of the extent of Nodal dependence on EGF-CFC proteins,
one that is still unresolved. Furthermore, the related Activin proteins do not require Oep
function for signaling (Gritsman et al., 1999).
Cell culture studies suggest that Nodal signaling via the ALK7 receptor is enhanced but
not fully dependent on EGF-CFC proteins (Reissmann et al., 2001). This indicates that
some Nodal signaling may function independent of Oep, however, the signaling
mechanism for this is still unclear. Studies in zebrafish suggest that Oep requirement is
absolute because nodal/squint over-expression has no effect in oep mutants (Chen and
Schier, 2001; Gritsman et al., 1999).
Embryos injected with squint morpholinos show ventralized phenotypes. This phenotype
is more severe than what has been observed upon the loss of Nodal signaling in zebrafish
embryos. This suggests that the early function of Squint might be independent of Oep. If
this is the case, maternal Squint may function independent of Oep. This may be possible
as loss of maternal and zygotic Oep leads to embryos with reduced mesendoederm, but
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these embryos do express the pan-mesoderm gene, ntl ventro-laterally and develop some
somitic and anterior neuro ectodermal tissues (Gritsman et al., 1999). Mouse cripto
mutants are not as severe as nodal mutant embryos, indicating that cripto does not
mediate all Nodal signaling (Ding et al., 1998). This is not surprising as another EGF-
CFC related molecule, cryptic, is known to compensate for loss of cripto function in the
mouse. The Xenopus homolog of oep, FRL1, is expressed maternally and is essential for
neural induction and differentiation (Kinoshita et al., 1995; Yabe et al., 2003).
In a recent study from Onuma et al, in Xenopus embryos showed two more EGF-CFC
like molecules expressed during embryogenesis. Of the two recently identified EGF-CFC
genes, one is expressed maternally as well zygotically (Onuma et al., 2006). Similar to
mouse cripto, loss of FRL1 does not show complete loss of Nodal signaling, and this
could be due to the presence of the two related genes that may have redundant functions.
Since, the zebrafish genome is duplicated, there is a possibility that another oep-related
molecule might be present which compensates for the loss of oep. However, there is no
evidence of another oep-like molecule in the zebrafish genome (Recent zebrafish genome
assembly Zv5).  There are other EGF-domain containing molecules in the zebrafish
genome but it is not known if any of these could compensate for Oep function.
In Xenopus embryos, FRL1 was identified as a ligand for the FGF receptor (Yabe et al.,
2003). It is also known that FRL1 interacts with FGFR, which interacts with Xnr3. Xnr3
synergizes with FGFR and FRL1 and FGFR acts downstream of Xnr3 to control
gastrulation movements (Yokota et al., 2003). Additional genetic studies are required to
find out the mechanism of Squint/Nodal function independent of Oep. The mechanism of
Oep independent Nodal signaling is also supported by in vitro biochemical studies. Yeo
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and Whitman showed that Nodal signaling to the Smad factors can take place
independent of EGF-CFC proteins in cell culture (Yeo and Whitman, 2001).
Thus, there is ample evidence from Xenopus embryos and mammalian cell culture studies
to suggest a role for Nodal signaling independent of EGF-CFC proteins. At present, there
is no data from studies in zebrafish to support Nodal signaling independent of EFG-CFC
proteins. Further studies are required to understand Nodal signaling and its EGF-CFC
independent functions in early embryonic development. While this study helped to define
a new role for Squint in DV axis specification, future studies based on these findings will
be needed to provide insights into the molecular basis of maternal Sqt function.
5.2.3 Maternal unprocessed Squint
The morpholinos used in this study target the squint transcript at three different positions.
RT-PCR results showed that the squint donor site morpholino generates aberrantly
spliced transcripts.  Upon translation, the squint MO3 injected embryos are predicted to
generate an intact Squint pro-domain but should lack most of the mature domain. Studies
from Xenopus tropicalis suggest that a divergent Nodal related molecule, Xnr3, can bind
BMP in its unprocessed form and regulate signaling. In this binding, the pro-domain of
the Xnr3 is important in interacting physically with BMP proteins and antagonizing BMP
signaling. In addition to Xnr3, the unprocessed forms of Xnr2 and Xnr5 also inhibit Wnt
signaling upstream of Dishevelled (Onuma et al., 2005). These observations suggest a
role for Nodal molecules in other signaling pathways, by either direct or indirect
interactions (Haramoto et al., 2004; Onuma et al., 2005). In Xenopus embryos, Xnr3 and
a secreted form of cleavage mutant Xnr2 can mediate convergent extension movements
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and expression of mesodermal markers like brachyury and myoD (Yokota et al., 2003). In
addition to this, the cleavage mutant of Xnr2 is secreted out and retains its activity
without undergoing proteolytic cleavage (Eimon and Harland, 2002). This suggests that
the cleavage of Xnrs to release a mature domain is not essential for Nodal function and
the pro-domain has a role in Nodal signaling, which is still unknown. These observations
suggest a possible new mechanism for Nodal signaling using the unprocessed form of
Nodal ligands.
These results indicate that Nodal-related molecules can function in the developing
embryo in their unprocessed forms as well, adding an extra dimension to the Nodal
signaling mechanism. The MZoep phenotype or cyc:sqt double mutant phenotype can
explain the phenotypes of canonical Nodal signaling. However, MZoep mutants still
develops some somitic tissue in the absence of Nodal signaling and these tissues could
form because of other signaling pathways such as FGF, which are still active in MZoep
embryos (Mathieu et al., 2004). In double mutant MZoep:Zace embryos, posterior
mesoderm is formed but not maintained, indicating that the Nodal and FGF pathways co-
operate to form posterior tail mesoderm in the embryo (Mathieu et al., 2004). This
suggests that Squint may co-operate with other signaling pathways like FGF and/or Wnt
as seen in the case of Xenopus for FRL1, Xnr3 and FGFR1 (Yokota et al., 2003). This
interaction may be required in dorsal mesoderm and axis specification.
The Nodal antagonist Lefty is also expressed maternally during oogenesis (K. Sampath
and H. Wang, unpublished data). It is possible that maternal Squint in its unprocessed
form could induce dorsal specific gene expression either acting as a functional Nodal
ligand or by heterodimerizing with and inhibiting endogenous Nodal antagonists like
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Antivin, Lefty and the BMP proteins. It is possible that blocking function of maternal
Squint by injecting morpholinos into oocytes leads to alterations in many signaling
pathways, generating the ventralized embryos with more severe phenotypes than that of
MZoep or cyc:sqt double mutant. It will be interesting to investigate whether the
processed form or the unprocessed form of Squint functions maternally to specify dorsal
axial structures.
5.2.4 Role of BMPs in DV patterning
In Xenopus and zebrafish embryos, the BMPs play crucial roles in specifying the DV
axis. Over-expression studies in Xenopus and zebrafish have suggested important roles
for BMPs in antagonizing dorsally expressed molecules. Noggin was the first organizer
specific molecule identified in Xenopus embryos (Smith and Harland, 1992), followed by
several other organizer specific molecules, including Chordin and Follistatin (Hemmati-
Brivanlou et al., 1994; Sasai et al., 1994). These dorsally expressed proteins are
antagonized by ventrally expressed molecules and form a gradient along the DV axis.
BMP4 is expressed ventrally in Xenopus embryos and is known to antagonize dorsally
expressed Chordin and Noggin (Piccolo et al., 1996). This antagonistic mechanism is
well understood and has been confirmed by mutants that affect these genes in zebrafish.
In zebrafish, the chordin mutant, chordino and the BMP mutant, swirl revealed more
details of the DV patterning and the role of BMPs (Hammerschmidt et al., 1996;
Kishimoto et al., 1997; Schulte-Merker et al., 1997). In zebrafish and Xenopus embryos,
over-expression of BMPs leads to expansion of the ventral structures and reduction in
dorsal structures (Clement et al., 1995; Kishimoto et al., 1997). BMPs are not only
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antagonized by Chordin and Noggin but also by Nodal related proteins (Haramoto et al.,
2004; Yeo and Whitman, 2001).
Like Chordin and Noggin, Nodal proteins can physically interact with BMPs and regulate
BMP activity. Further evidence to support this comes from studies by Yeo and Whitman,
where they showed that Nodal proteins could bind BMPs and form heterodimers. This
heterodimerization can inhibit Nodal signaling directly (Yeo and Whitman, 2001). The
signaling range and activity of BMPs is regulated extracellularly and intracellularly by
many molecules, some of which antagonize the activity of other TGF-b related molecules
as well. Thus, maternally expressed Squint might be antagonizing BMPs or other
antagonists and controlling DV specification.  There is no biochemical evidence to
support this but further investigation using sqt:swr double mutants can help answer some
of these questions. In addition, investigation of bmp expression and that of other ventrally
expressed genes in embryos derived from squint morpholino injected oocytes will
address the role of maternal Squint in regulating BMPs and specifying DV axis.
5.2.5 Canonical Wnt signaling pathway and axis specification
The Wnt signaling pathway plays important and essential roles during embryonic axis
specification and cell fate specification. In Xenopus oocytes, wnt11 RNA is deposited
vegetally along with several other RNAs. However, Wnt11 was thought not to act in
dorsal specification as over-expression of wnt11 RNA in WT embryos does not give rise
to a secondary axis and its expression in UV irradiated embryos does not rescue the
primary axis (Ku and Melton, 1993). In Xenopus embryos, a critical step in dorsal
specification is the activation of Wnt signaling followed by asymmetric stabilization and
nuclear localization of b-catenin (Heasman et al., 1994; Schneider et al., 1996). However,
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recent analysis of Xenopus embryos where maternal wnt11 was depleted in oocytes
showed Wnt11 as an upstream signal required for dorsal specification (Tao et al., 2005).
b-catenin is a key player in dorsal axis specification. Depletion of b-catenin by antisense
oligonucleotides results in ventralization and loss of dorsal axis (Heasman et al., 1994).
In zebrafish, the maternal effect mutants ichabod and tokkaebi prevent nuclear
accumulation of b-catenin and cause ventralization (Kelly et al., 2000; Nojima et al.,
2004). b-catenin plays an important role as a transcriptional effecter in Wnt signaling
(Fagotto et al., 1997; Pelegri and Maischein, 1998). Xenopus and zebrafish embryos
which fail to localize nuclear b-catenin to the dorsal blastomeres lack the dorsal axis and
show expanded ventral tissues (Heasman et al., 1994; Jesuthasan and Strahle, 1997; Kelly
et al., 2000; Nojima et al., 2004). Expression of dorsally expressed genes is dependent on
the Xnrs and maternally expressed Wnt pathway molecules (Heasman, 2006). In Xenopus
the Xnrs are known to be the direct targets of Wnt signaling and the Xnr1 promoter has
WREs (Wnt Response Elements) (Hyde and Old, 2000). Nodal proteins including
zebrafish Sqt, are known to autoregulate their own expression (Feldman et al., 2002).
Over-expression of b-catenin induces ectopic expression of squint in WT embryos
(Dougan et al., 2003). By over-expression and genetic studies in cyc, sqt and boz mutants
it has been shown that Wnt signaling is upstream of cyc, sqt and boz expression (Shimizu
et al., 2000; Sirotkin et al., 2000a). It is interesting that over-expression of axin and axil
RNAs in WT zebrafish embryos reduces dorsal squint expression at MBT stages but
expands squint expression by mid gastrulation stages (Shimizu et al., 2000). This
indicates that squint expression is controlled by complex signaling mechanisms at
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different stages of development. A complex interplay between Nodal and Wnt signaling
regulates expression of dorsal specific gene expression.
5.2.6 Conserved mechanism of DV axis specification amongst
vertebrates
The fact that squint RNA localizes to the future dorsal side and possibly plays an
important role in dorsal specification is an important observation in the field of vertebrate
axis specification. In Drosophila, multiple genes responsible for embryonic axes
formation have been isolated using genetic screens for maternal effect mutations. In
Drosophila and other invertebrate systems, maternally localized mRNAs influence early
axis specification (Patel, 2000; Riechmann and Ephrussi, 2001). However, such screens
are difficult to perform in zebrafish and thus far, only a small number of maternal effect
genes required for axes specification have been isolated (Pelegri et al., 2004; Pelegri and
Schulte-Merker, 1999).  In Xenopus, maternally deposited and vegetally localized Wnt
and VegT RNAs are functionally important in specifying dorsal specific gene expression.
Abrogation of any of these pathways leads to the loss of dorsal structures (Tao et al.,
2005; Xanthos et al., 2001). Studies from Xenopus show asymmetric segregation of
wnt11 RNA and components of the canonical Wnt/b-catenin signaling pathway to the
future dorsal side of the embryo (Tao et al., 2005). Depletion of maternal VegT by
antisense oligonucleotides leads to the lack of dorsal mesendoderm. Maternal VegT can
directly or indirectly regulate expression of different TGF-b related molecules including
Xnrs (Kofron et al., 1999). It is also known that Xnrs are the direct targets of VegT and
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can rescue VegT depleted embryos when injected ectopically (Kofron et al., 1999;
Xanthos et al., 2001). In Xenopus, it is suggested that the expression of Xnrs is regulated
by dorsally expressed b-catenin, ventrally expressed BMPs and vegetally expressed
VegT. A complex interplay of these pathways controls dorsal expression of Xnrs in
Xenopus embryos. Abrogation of any of these pathways in Xenopus embryos leads to
generation of ventralized embryos (Kofron et al., 1999). However, loss of maternal and
zygotic Squint also leads to reduction in dorsal structures in zebrafish embryos. This
observation suggests that Wnt signaling is not the only signaling pathway, which is
important in DV axis specification. The vertebrate nodal genes are important for
regulating diverse functions during early embryonic development. The function of Nodal
on the dorsal side is important for establishing progenitors of the mesoderm and
endoderm. Lack of these cells in the nodal  mutant leads to a loss of dorsal
mesendodermal structures (Zhou et al., 1993).
Preliminary analysis of human, chimpanzee, cow and dog nodal 3’ UTRs indicates a
conserved element within them. Chimeric RNA encoding lacZ: human nodal 3’ UTR,
when injected into zebrafish embryos localizes to the future dorsal side of the zebrafish
embryos (Gore et al., 2005). This indicates some similarities between the mechanisms of
DV axis specification amongst different vertebrate species. It would be particularly
interesting to investigate the role of mouse nodal in axis specification. Mammalian
embryos are thought to undergo regulative development. It is assumed that early
blastomeres are totipotent and are individually capable of developing into the whole
embryo. However, recent investigations suggest that embryonic polarity may originate
very early during development (Zernicka-Goetz, 2002). Investigating early expression
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and functions of nodal RNA in mouse embryos could reveal conserved mechanisms for
dorsal specification between fish and mammals.
Pre-zygotic expression of nodal related genes in Xenopus is also reported and thought to
play a role in specifying dorsal structures. Studies from Xenopus indicate pre-MBT
expression of the nodal genes (Jones et al., 1995; Yang et al., 2002). The Xenopus Nodal
related genes, Xnr1 and Xnr2, not only specify axial dorsal mesoderm but also rescue the
dorsal axis in UV ventralized embryos (Jones et al., 1995). This is interesting as these
genes could function parallel to the Wnt signaling pathway in specifying the dorsal axis.
It is difficult to address the maternal role of Xnrs in Xenopus laevis using genetic
techniques. In addition, the cleavage mutant forms of Xnr2 are functional and secreted,
making it more difficult to study in Xenopus laevis (Eimon and Harland, 2002). Maternal
localization of these genes in Xenopus has not been reported, where as their expression
prior to MBT is well documented (Jones et al., 1995; Williams et al., 2004; Yang et al.,
2002).
5.3 Proposed model for dorsal axis specification in zebrafish:
The localization of squint RNA and our proposed function for maternal Squint in dorsal
axis specification opens new directions for research in dorsal axis specification in
zebrafish. So far, investigation of mutants in the canonical Wnt signaling pathway has
helped in understanding the role of Wnt signaling in dorsal specification in zebrafish.
Analysis of maternal zygotic knock down of Sqt by morpholino injections or blastomere
ablation experiments helped uncover new role(s) for this TGF-b protein in dorsal axis
formation. The present study now proposes a new mechanism for dorsal specification, in
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which maternal Sqt along with maternal b-catenin initiates the signaling cascade.
Maternal squint RNA, presumably along with its binding proteins localizes in the 4- cell
embryo asymmetrically. This localization is dependent on the microtubule cytoskeleton
(Gore et al., 2005).  Once localized, the cells inheriting the squint RNA are specified as
dorsal cells, which accumulate nuclear b-catenin later during development. Localized
squint along with b-catenin starts zygotic squint expression and maintains the dorsal fates
(Dougan et al., 2003). Apart from zygotic squint, b-catenin also activates zygotic
expression of boz/dharma, and this, in parallel with squint, activates downstream target
genes (Fekany et al., 1999; Shimizu et al., 2000; Sirotkin et al., 2000a). Zebrafish
embryos that lack maternal ichabod, which encodes for b-catenin2, fail to maintain
zygotic squint expression (Bellipanni et al., 2006; Kelly et al., 2000). However, in these
embryos, injected squint RNA localization at the 4- cell stage is unaffected (Gore et al.,
2005). These embryos fail to localize nuclear b-catenin and the phenotypes can be
rescued by over-expression of members of the canonical Wnt signaling pathway.  Over-
expression of squint RNA also rescues the dorsal defects without nuclear accumulation of
b-catenin in the injected embryos (Gore et al., 2005; Kelly et al., 2000). This indicates
that Sqt may act downstream of b-catenin. However, in WT embryos, squint expression
is activated by b-catenin via a feedback loop (Dougan et al., 2003; Feldman et al., 2002).
This makes a strong case for exogenously injected and localized squint RNA to activate
its own expression in ichabod embryos, independent of b-catenin2. This zygotic squint
expression alone is enough to rescue the dorsal defects in the ichabod embryos (Gore et
al., 2005; Kelly et al., 2000). Thus, maternal squint and b-catenin co-operate to specify
dorsal axis in zebrafish embryos.
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The maternal zygotic squint mutants show reduction of dorsal structures like reduced or
absent prechordal plate mesoderm and breaks in the notochord (Aoki et al., 2002;
Dougan et al., 2003; Feldman et al., 1998; Sirotkin et al., 2000a). However, loss of
maternal and zygotic Squint activity by injection of squint morpholinos into the oocytes
shows severely ventralized embryos (Gore et al., 2005). Undoubtedly, the localization of
squint RNA during zebrafish oogenesis and embryogenesis and its role in dorsal axis
specification has led to more questions than answers. The present study has provided
insights into zebrafish dorso-ventral axis formation. Future studies will need to focus on
the interaction between squint RNA and specific RNA-binding proteins, the mechanism
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